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ABSTRACT 
 
This thesis presents two studies that discuss the further refinement and utilization of the 
marine climate proxy Arctica islandica. The first study uses a Monte Carlo simulation to 
examine the relationship between replication and uncertainty for climate reconstructions utilizing 
oxygen isotopes, carbon isotopes and temperature estimates (derived from the modified 
Grossman and Ku [1986] equation) from the climate proxy A. islandica. An uncertainty within 
the 95% confidence interval occurred when using two or three shells. An increase to four shells 
further reduced the uncertainty to within the 99% confidence interval. Studies that utilize stable 
isotope ratios from A. islandica shells should use at least two to four shells. Replication beyond 
four shells may not provide substantially improved results when considering the costs and time 
associated with these analyses. Results from this study also suggest that A. islandica 
biomineralize their shells in oxygen isotope equilibrium with the seawater, supporting findings 
from previous studies. 
The second study discusses the development of a near century-long shell growth 
chronology, using the marine bivalve A. islandica for Georges Bank (Northwest Atlantic). The 
purpose of this study is to determine whether shell growth is synchronous within this population, 
and determine what environmental factors may influence shell growth through time. The high 
expressed population signal and interseries correlation suggest the Georges Bank population 
exhibits synchronous growth. Comparisons revealed significant inverse relationships between the 
shell growth chronology and a short salinity record from the nearby Nantucket Lightship, the 
North Atlantic Oscillation/Arctic Oscillation indices, and Florida Current strength. These results 
suggest that shell growth at the study site broadly reflects hydrographic conditions in the Gulf of 
Maine and North Atlantic.  
1 
CHAPTER 1: INTRODUCTION 
 
There is substantial scientific evidence that Earth’s climate is undergoing rapid changes 
due to anthropogenic processes (Cook et al., 2013; Jones et al., 2013; Knutson et al., 2013; Qin 
et al., 2014). While natural climate variability (such as solar variability and volcanic forcing) 
drives climatic conditions, the influence of anthropogenic inputs (namely CO2 emissions and 
land-use changes) has come to overshadow natural climate variability, especially since the 1950s 
(Watanabe et al., 2014). Therefore, it is important to develop a more complete understanding of 
how increased anthropogenic forcing will impact global and regional climates and other natural 
systems. Furthermore, it is essential to develop context for ongoing changes through studying 
past climates and environments, which may provide insights into mechanisms and feedbacks of 
climate change (Jones et al., 2009; Qin et al., 2014).  
Earth’s climate system consists of various drivers (forcings) and feedbacks (responses). 
Climate forcings can be separated into natural and anthropogenic sources (Fahey et al., 2017). 
Solar irradiance (or total solar irradiance; TSI) is the dominant forcing of Earth’s climate 
(Coddington et al., 2016). Variability in TSI arises from decadal magnetic cycles and is linked to 
sunspot activity (Roy et al., 2016). Longer-term (centennial and millennial) variations in TSI are 
largely related to changes in Earth’s orbit (Hays et al., 1976).  These so-called Milankovitch 
cycles result from three orbital parameters: eccentricity (96 kyr), obliquity (41 kyr), and 
precession (21 kyr) (Maslin, 2016), which have fairly large impacts on Earth’s energy budget. 
Other major natural climate drivers are from volcanic inputs (i.e., the injection of sulfate aerosols 
into the atmosphere; Ridley et al., 2014; Sigl et al., 2015) and tectonic activity (changes in 
circulation, weathering, CO2 inputs) over millions of years (Rea et al., 1990). Anthropogenic 
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sources of climate forcing currently have rates of change greatly exceeding those of natural 
drivers (Diffenbaugh and Field, 2013; Joos and Spahni, 2007). These include land use change 
(Pielke, 2005), as well as input of greenhouse gases (Forster et al., 2007) and aerosols (Charlson 
et al., 1992) into the atmosphere.  
A climate feedback is the responses of the Earth’s climate system to a forcing. These 
responses can be split into two groups: positive (amplifying) and negative (stabilizing) feedbacks 
(IPCC AR4, 2007). An amplifying feedback occurs when the response to a forcing pushes a 
system further in one direction. For example, warming due to greenhouse gas input can trigger a 
positive feedback. As the atmosphere warms, it can retain more water vapor. This leads to a 
greater absorption of infrared radiation in the atmosphere, resulting in further warming (Held and 
Soden, 2000). A stabilizing feedback occurs when the response to a forcing pushes the system 
back towards its original state (or in the opposite direction). One example of a negative feedback 
is when increased freshwater input in the North Atlantic occurs due to increased glacial melting 
(from a warm climate state). This may trigger a regional cooling (negative feedback) induced by 
a decrease in heat transport from the tropics from a slowdown, or shut down, of thermohaline 
circulation (Liu et al., 2017). 
The Earth’s climate consists of sub-climate systems. These systems include the 
atmosphere, lithosphere, biosphere, and hydrosphere. The hydrosphere includes the cryosphere, 
made up of Earth’s frozen water (Martin and Johnson, 2012). The interactions between these 
systems redistribute the uneven input of solar energy focused on tropical regions. The energy 
redistribution largely occurs by heat energy transport in the atmosphere (wind) and hydrosphere 
(including ocean circulation) (Trenberth and Solomon, 1994). These sub-climate systems 
respond and change at different scales, spatially and temporally. The lithosphere is involved in 
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events that span millions of years, such as mountain building events and silicate rock weathering 
(Raymo and Ruddiman, 1992). The atmosphere, biosphere, and hydrosphere/cryosphere 
generally operate on shorter time-scales (days-decades-centuries-millennia), although there is 
significant variability between and within the sub-systems (Keigwin, 1996; Walther et al., 2002; 
Thomas et al., 2004; Lozano-Garcia et al., 2007; Gleckler et al., 2012; Hartman et al., 2013).  
Marine systems, an important component of the hydrosphere accounting for roughly 70% 
of Earth’s surface, mediate, interact, and drive global climate, ultimately make our planet 
habitable (Costanza, 1999). Despite the importance of the global oceans, our understanding of 
their spatiotemporal variability and how they contribute to global climate is incomplete (Jansen 
et al., 2007). There are also many social and economic reasons for developing a more complete 
understanding of marine systems. Concerns from anthropogenic impacts include: formation of 
hypoxic zones (Zhang et al., 2013), ocean acidification (Doney et al., 2009), sea level rise 
(Fletcher, 2009), changes in behavior of global weather patterns such as El-Niño events (Cai et 
al., 2014), more extreme flooding (Nicholls et al., 1999), intensification of hurricanes (Mousavi 
et al, 2011), changes in primary productivity (Gregg et al, 2003) and more. Further investigation 
into how changes in marine systems will affect global climate through feedbacks is also 
necessary.  
The North Atlantic Ocean plays a significant role by influencing and responding to global 
climate dynamics (Rhamstorf, 2002; Bower et al., 2009). Moreover, several regions in the 
northwestern Atlantic, such as the Gulf of Maine, are critically important ecosystems under 
tremendous stress from rapid ecological shifts (Dijkstra et al., 2017) and support local and 
regional economies (Thompson et al., 2010; NOAA, 2017). Although some paleoceanographic 
work has been done within the interior of the Gulf of Maine (Wanamaker et al., 2008; 2011), less 
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attention has been devoted to off shore environments such as Georges Bank. Georges Bank, a 
shallow submarine bank (approximately 60m deep), located in the southwest Gulf of Maine 
(Townsend and Pettigrew, 1997) may better reflect “North Atlantic” conditions as it is removed 
from coastal inputs. The bank exhibits unique temperature and salinity conditions in comparison 
to the rest of the region (Richaud et al., 2016). There has been limited investigation into the past 
hydrographic variability near (Weidman, 1995) and on Georges Bank (Marchitto et al., 2000). 
The further development of paleoclimate reconstructions for Georges Bank is needed to 
document the spatiotemporal variability of climatic conditions in the Gulf of Maine region. A 
greater understanding of past hydrographic variability may improve modeling efforts to detail 
potential climatic impacts that may occur in this region in the future. 
Documenting and understanding climate of the present has its own challenges. Major 
challenges include the complexity of the climate system (Rind, 1999) and the need for increased 
spatiotemporal data coverage. Trying to decipher past climates is even more difficult due to the 
lack of long-term instrumental data (Jones et al., 2009; Schöne	et	al.,	2013),	especially	from	the	global	ocean. Despite these challenges, it is important that we strengthen our understanding 
of past climates and their spatiotemporal variability (Trenberth and Otto-Bliesner, 2003). 
Information about natural variability prior to anthropogenic inputs will provide context for 
current climatic trends and provide data that can be utilized to model future climatic conditions 
under different scenarios (Snyder, 2010). To overcome the lack of instrumental data, there has 
been significant effort towards the development of climate proxies (Jones et al., 2009; Masson-
Delmotte et al., 2013). Climate proxies are natural recorders of past climatic conditions such as 
ice cores, tree rings, sediment cores, corals, speleothems and bivalves (Fritts, 1972; Lorius et al., 
1985; McManus et al., 1994; Druffel, 1997; Lauritzen and Lundberg, 1999; Schöne, 2013) 
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Proxies can record a variety of environmental data: temperature (Alibert and McCulloch, 1997), 
sea ice extent (Wolff et al., 2006; Caissie et al., 2010), sea level (Barnett et al., 2017), ocean 
chemistry (Hasiuk and Lohmann, 2010; Hönisch	et	al.,	2012), biological productivity (Dymond 
et al., 1992; Vaughn and Caissie, 2017), solar variability (Solanke et al., 2004) and ocean 
circulation (McManus et al., 2004; Wanamaker et al., 2012). Reconstructions from climate 
proxies improve our understanding of spatiotemporal climatic variability where no instrumental 
data is available (Mann, 2002). Proxies also provide localized data allowing for the development 
of regional climate reconstructions (Butler et al., 2013). Regional reconstructions can be 
combined to attempt large-scale, multi-proxy reconstructions of past environmental and climatic 
conditions (Black et al, 2009; Cunningham et al., 2013; Piermattei et al., 2017). Although 
proxies are powerful tools, the understanding of their responses to environmental changes and 
associated uncertainties, can often be improved upon (Mette et al., 2018).  Continued 
investigation and development of climate proxies is necessary to improve the replication of 
proxy measurements and additional proxy data aids in distinguishing climate signals from noise 
in the data (Jones et al., 2009). 
The aragonite shells of Arctica islandica, a marine bivalve that lives in the temperate 
North Atlantic (Dahlgren et al., 2000), have been developed as a high-resolution (seasonal to 
annual) proxy for marine climate (Schöne,	2013). A. islandica has many characteristics that 
make it an ideal climate proxy. Due to the annual growth increments of the shells, environmental 
conditions can be reconstructed with high temporal resolution (Thompson et al., 1980). Annual 
resolution is common (Weidman	et	al.,	1994;	Schöne	et	al,	2004;	Wanamaker et al., 2008), 
although there has been some work on developing sub-annual records (Schöne	and	Dunca	et	al,	2005;	Wanamaker	et	al.,	2011). Their wide geographic distribution within the North Atlantic 
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allows investigators to assess the spatial variability of climate over time (Dahlgren et al., 2000; 
Schöne	et	al., 2005). They are the longest living non-colonial animal known, allowing the 
assessment of long spans of time with few individuals (Wanamaker et al., 2008; Butler et al., 
2013). Increasingly, A. islandica shells have been used to reconstruct hydrographic variability 
(Wanamaker et al., 2008; Scourse et al., 2012; Wanamaker et al., 2012; Mette et al., 2016; 
Reynolds et al., 2016) over decades to centuries. Other uses such as reconstructing productivity 
from shell growth histories (Butler et al., 2009) have also been investigated. Populations of A. 
islandica have been shown to grow synchronously (Marchitto et al., 2000; Butler et al, 2009), 
allowing for the development of multi-shell climate records called master shell growth 
chronologies (Marchitto et al., 2000). The temporal coverage from shell-based reconstructions 
(or master shell growth chronologies) can be extended by matching dead-collected shells with 
live-collected material (Marchitto et al., 2000). 
A. islandica shells may also be used to reconstruct past seawater temperatures when the 
isotopic composition of seawater is known or it can be reliably estimated. This is accomplished 
through analysis of the stable oxygen isotope composition of the aragonite shell. The oxygen 
isotope composition of the shells is a function of seawater temperature and the oxygen isotope 
composition of the seawater during growth (Grossman and Ku, 1986). An equation to translate 
oxygen isotope data of mollusk shells into temperature was developed by Grossman and Ku 
(1986) (Equation 1).  
 
T(°C)water = 20.6 – 4.34*(d18Oshell – d18Owater)     Equation 1. 
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The equation demonstrated a negative linear relationship between temperature and oxygen 
isotope fractionation. That equation has been modified by adding an adjustment of  -0.2 ‰ to the 
d18Owater to adjust the d18O values to the correct scales (Equation 2, Dettman et al, 1999).  
 
T(°C)water = 20.6 – 4.34*(d18Oshell – (d18Owater - 0.2)     Equation 2. 
 
 Further correction, a subtraction of 0.27 from the d18O of the water corrects for a change in the 
standards used and places the d18O values on the correct scale (Equation 3, Gonfiantini et al., 
1995).  
 
T(°C)water = 20.6 – 4.34*(d18Oshell – (d18Owater - 0.27)                         Equation 3. 
 
The equation requires oxygen isotope values for the aragonite shell material and the seawater 
during mineralization so that temperature can be reconstructed. 
The Grossman and Ku equation was developed using various species of aragonitic 
organisms and mollusks, however no A. islandica bivalves were used (Grossman and Ku, 1986). 
When utilizing oxygen isotopes from A. islandica to reconstruct temperature, researchers often 
rely on the assumption that their shells mineralize in oxygen isotope equilibrium with the 
seawater. Weidman et al. (1994) has been used as evidence to support this assumption. This is 
due to the good fit of their oxygen isotope data from A. islandica shells (rms difference = 1.10°C;	Figure	1) with the previously developed oxygen isotope-temperature relationship, developed for 
aragonite from the Grossman and Ku (1986) study. The Grossman and Ku (1986) aragonite 
equation represents oxygen isotope equilibrium during biomineralization, so the good fit of the 
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Weidman (1994) data with the equation. However, the Weidman study adjusted the temperature 
data and assumed an 8-month growing season for A. islandica (May-December) to best fit the 
Grossman and Ku equation (Weidman et al., 1994). This good fit of the Weidman et al. (1994) 
data against the Grossman and Ku equation was used as evidence that no biological fractionation 
of oxygen isotopes takes place during biomineraliztion of A. islandica shells (Figure 1). There is 
an average offset of +0.38°C (as reported by Weidman et al., 1994) between the Weidman et al. 
(1994) data and the Grossman and Ku trendline, although it is well within the error of the 
Grossman and Ku (1986) transfer function. 
 
Figure 1. Observed mean monthly bottom temperatures from the Nantucket Shoals Lightship 
(1956-1957 and 1961-1968) plotted against salinity-corrected "monthly" d18Oshell values. There is 
an average difference of +0.38 °C and a root mean squared difference of 1.10 °C. The data 
exhibit a close fit to the Grossman and Ku [1986] paleotemperature equation (mollusk data only) 
(dashed line) (Modified from Weidman et al., 1994). 
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This assumption has yet to be rigorously tested and remains a gap in our assessment of 
the proxy. If this assumption proves to be incorrect, it would render studies that have utilized 
oxygen isotopes from A. islandica for temperature reconstructions inaccurate.   
Past temperatures can only be reconstructed if the oxygen isotope composition of the 
seawater (d18Owater) is known or can be estimated (Wanamaker et al., 2006). This leads to 
complications when extending records back in time as there is currently no way to obtain high 
resolution paleo-isotope data for seawater (Reynolds et al., 2016). If the d18Owater is not known, it 
can be estimated using a salinity-isotope mixing line (Fairbanks, 1982; Whitney et al., 2017). 
These models are based on the linear relationship between d18Owater and salinity; both of these 
properties are influenced by evaporation and precipitation processes and mix conservatively 
when different water masses interact (Fairbanks, 1982). If the relationship between d18Owater and 
salinity for a region is known, d18Owater of the water can be estimated using available historical 
salinity instrumental records. Such a relationship has been developed from water samples 
collected from 2003 to 2015 for the coastal Gulf of Maine (Whitney et al., 2017), which will be 
explored in more detail.  
The research presented in this thesis attempts to address two major problems. First, it 
examines the relationship between replication and uncertainty for climate reconstructions 
utilizing oxygen isotopes, carbon isotopes and temperature estimates (derived from the modified 
Grossman and Ku [1986] equation) from the climate proxy A. islandica. An ‘ideal’ sampling 
strategy for replication is also examined. The recommended minimum level of replication is 
constrained by determining the number of samples required to produce statistically significant 
results. The recommended maximum level of replication is constrained by the sample size (i.e., 
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number of replicates or individual clams used) where there is no longer significant reduction in 
error and by consideration of the practicality of performing further replication (time and resource 
constraints). Secondly, it discusses the development of a growth chronology and evaluation of 
what conditions are driving the growth of A. islandica shells from Georges Bank. An assessment 
of whether shell growth is synchronous, as well as investigation of the hydrographic variability 
from the Georges Bank growth chronology, is investigated and discussed.  
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CHAPTER 2: DETERMINING AN IDEAL STABLE ISOTOPE REPLICATION 
STRATEGY FOR THE PALEOCLIMATE PROXY Arctica Islandica 
 
 
This chapter is part of an accepted publication in Chemical Geology 
“Unexpected isotopic variability in biogenic aragonite: A user issue or proxy problem?” 
Mette, Madelyn J.1, Whitney, Nina1, Ballew, Jared1, and Wanamaker Jr., Alan D.1 
 
1.  Department of Geological and Atmospheric Sciences.  Iowa State University.  253 Science Hall, 2337 Osborn 
Drive, Ames, Iowa, USA, 50011-3212 
 
Abstract 
Arctica islandica, a long-lived marine bivalve native to the North Atlantic Ocean, is 
widely used as a proxy to reconstruct past environmental conditions. Specifically, the stable 
isotope ratios within the aragonite shells act as natural recorders of ambient seawater conditions. 
If the oxygen isotopic composition of seawater can be estimated, the oxygen isotope ratio of the 
aragonite can be used to reconstruct the temperature during shell growth. However, little 
attention has been given to sample replication within d13C and d18O records from A. islandica 
and/or how much replication is required to obtain statistically robust results. To investigate the 
relationship between the number of samples used (replication of stable isotopes) and isotope 
uncertainty estimates, 37 juvenile (~ 3 yr; shell height = ~ 40 mm) A. islandica clams were 
grown at 15.0 ±	0.4 °C for 69 days (May 14 to July 21, 2011) at the Darling Marine Center 
(Walpole, Maine, USA). The growing margin of each shell was carefully sampled ensuring that 
the same amount of time was represented in each clam and then processed for stable isotope 
analysis. Statistical analyses (Monte Carlo method, 50,000 iterations of random sampling 
without replacement) of isotope (δ18O and δ13C) and oxygen isotope-derived temperature values 
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were used to establish the magnitude of uncertainty associated with each sample size (ranging 
from 2 to 37). Standard error and p-values were calculated for each sample size using two 
standard deviations at 95% and 99% confidence intervals. A significant reduction in uncertainty, 
within the 95% confidence interval, occurred when using 2 or 3 shells. An increase to four shells 
further reduced the uncertainty to within the 99% confidence interval. Studies that utilize stable 
isotope ratios from A. islandica shells should use at least two to four shells. Replication beyond 
four shells may not provide substantially better results when considering the costs and time 
associated with these analyses. 
 
Introduction 
Climate proxies, natural recorders of climatic conditions, are useful tools for 
reconstructing climatic variability of the past (e.g., Jones et al., 2009). These reconstructions 
provide information about climatic conditions from time periods and regions where no 
instrumental data exist (Mann, 2002). The marine bivalve Arctica islandica is commonly used 
for reconstructing high-resolution (seasonal to annual) hydrographic variability in the North 
Atlantic (Schöne, 2013). A. islandica has many properties that make it an ideal climate proxy. It 
has a wide geographic distribution within the North Atlantic (Dahlgren et al., 2000; Schone et 
al., 2009), individuals are exceptionally long-lived (Wanamaker et al., 2008; Bulter et al, 2013), 
they form annual growth increments (Thompson et al., 1980) and sub-annual microgrowth 
structures (Schöne and Dunca et al, 2005). Populations of A. islandica have also been shown to 
exhibit synchronous growth (Marchitto et al, 2000; Butler et al., 2009) and gaping (feeding) 
activity (Ballestra-artero et al., 2017), allowing for the development of error-free multi-shell 
master chronologies, that can include dead-collected shells (Marchitto et al., 2000), through 
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crossdating techniques (Black et al, 2016). In addition to reconstructing hydrographic variability, 
A. islandica have also been used to estimate past productivity conditions (Wanamaker et al., 
2009), ocean circulation, (Weidman and Jones, 1993; Wanamaker et al., 2012; Reynolds et al., 
2016) and carbon dynamics (Butler	et	al.,	2009;	Schöne	et	al.,	2011;	Reynolds et al., 2017).		Stable	oxygen	isotopes	(δ18O) of A. islandica shells have the potential to be used as a 
paleothermometer through a transfer function developed for aragonitic material by Grossman 
and Ku (1986) (modified by Gonfiantini et al., 1995 and Dettman et al., 1999). However, the δ18O of the shells are a function of both seawater temperature and seawater δ18O during 
biomineralization (Grossman and Ku, 1986). Thus, past temperatures can only be reconstructed 
if the δ18O of the seawater can be independently constrained (for example, Wanamaker et al., 
2006). Due to this complication, researchers often present δ18O chronologies as untransformed 
stable isotope time-series, which broadly reflect hydrographic conditions (Mette et al., 2016; 
Reynolds et al., 2016). Evidence suggests that A. islandica biomineralize their shells in oxygen 
isotope equilibrium with seawater (Weidman et al., 1994; Wanamaker and Gillikin, 2018). 
However, in Weidman et al. (1994), these authors adjusted the growing season (May-December) 
for A. islandica to fit their isotope series to instrumental records, assuming a four-month 
cessation of growth (January-April). This assumption by Weidman et al. (1994) has not been 
verified for this region. 
There are many benefits of using A. islandica as a climate proxy (see Schöne, 2013). 
However, every proxy has limitations, and it is essential to better constrain them (Jones et al., 
2009). Furthermore, all instrumental and proxy records have associated uncertainties; however in 
the proxy realm these sources of uncertainty are not often quantified. There are several potential 
sources of error/uncertainty when using oxygen isotopes from A. islandica shells to reconstruct 
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seawater temperatures. These include errors associated with the temperature transfer function 
(Grossman and Ku, 1986), salinity-isotope-mixing lines (Fairbanks, 1982; Houghton and 
Fairbanks, 2001; Whitney et al., 2017), analytical error, and sampling error (Mette et al., 2018). 
The quantification and reduction of uncertainty associated with these errors could enhance the 
signal-to-noise ratio and provide a more accurate representation of past conditions. 
Inadequate sample replication may be another source of increased uncertainty. Sample 
replication has been recommended for various stable isotope-based climate proxies to help 
reduce uncertainty and enhance the signal to noise ratio (Dorale and Liu, 2009; DeLong et al., 
2013; Loader et al., 2013; Lachniet 2015; Yamanashi et al., 2016). Low replication in climate 
reconstructions may leave them vulnerable to unconstrained uncertainties associated with 
outliers and natural variability that may exist in the proxy itself (Leavitt and Long, 1984; Loader 
et al., 2013; Mette et al, 2018). Thus, inadequate replication could lead to reconstructions that are 
not representative of the actual paleoclimatic conditions, due to high uncertainty (DeLong et al., 
2007). This problem is also prevalent within studies that utilize A. islandica for paleoclimate 
reconstructions (Schöne et al., 2004; Mette et al, 2018).  
Due to time and material constraints it is uncommon for studies to include replication 
when using A. islandica for isotopic climate reconstructions (Weidman	et	al.,	1994;	Schöne	et	al,	2004;	Wanamaker et al., 2008).	A few recent paleoclimate reconstructions, which utilized 
stable oxygen isotopes of A. islandica shells, included limited replication. However, it they did 
not replicate throughout the entire time series (Mette et al., 2016; Reynolds et al., 2016; Whitney 
et al., in prep). A small number of studies have also reconstructed past climatic conditions using 
stable carbon isotopes. These studies also tend to lack replication for most of the carbon isotope 
chronology, with one to two isotope values per growth increment (Schöne et al., 2011). While 
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beneficial, replication of an entire chronology, especially chronologies that span many centuries, 
presents challenges, primarily time and resource limitations.  
 This study aims to investigate the relationship between uncertainty and sample 
replication for stable oxygen/carbon isotopes and temperature estimates (temperature estimates 
are derived from d18O values, using the modified Grossman and Ku (1986) equation from 
Gonfiantini et al., 1995) from the climate proxy A. islandica, and determine an ‘ideal’ sampling 
strategy for sample replication. The goal of this work is to establish the minimum number of 
shells to produce statistically reliable results and to determine when additional replication (i.e., 
more shells) does not add additional benefits (considering time and resource constraints). 
Additionally, A. islandica oxygen isotope-derived temperatures and instrumental temperature 
data from the experiment are compared to further assess whether A. islandica biomineralize in 
oxygen isotope equilibrium with seawater. 
 
Methods 
Specimen Collection 
	 A commercial quahog fishing vessel, F.V. Three of A Kind, was employed on November 
21, 2009, to collect live A. islandica via a bespoke commercial dredge in the Gulf of Maine. 
Samples were collected from a depth of 82 m at 44° 26’ 9.829’’ N, 67° 26.0’ 18.045’’ W off 
Jonesport, Maine, USA. Animals were transported to the Darling Marine Center (University of 
Maine, Orono, USA) in Walpole, Maine, USA and placed in flow-through seawater tanks (see 
Beirne et al., 2012, for additional details) until the beginning of the experimental period, May 
2011. The Darling Marine Center is located adjacent to the tidally-influenced Damariscotta River 
estuary (Figure 1). These clams (less than 1 year old) were exposed to ambient conditions only. 
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Figure 1. Bathymetric map of the Gulf of Maine and associated currents. The black dots denote 
the Darling Marine Center, and location where shells were collected. Base map modified from 
Townsend et al., 2014. 
 
Experimental Setup and Sampling 
A total of 50 juvenile (~3 yr; shell height = ~40 mm) A. islandica individuals were grown 
under temperature-controlled conditions at 15° C ± 0.3, measured using a Tidbit temperature 
logger (± 0.2 °C), for 69 days (May 14 to July 21, 2011) (Figure 2). All other conditions, 
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including salinity and food availability, were ambient as the seawater in the tanks flowed in from 
the Damariscotta River estuary. The clams were grown in a 500-liter holding tank (48” x 48” x 
18”) containing muddy sediment (Figure 3). All clams experienced identical growing conditions 
(e.g., temperature, diet, and salinity).  
 
 
Figure 2. A) Measured temperature (°C, red dots) and salinity (ppt, blue diamonds) of the 
seawater during the duration of the culture experiment. B) Average daily temperature (°C) and 
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salinity (ppt) of the seawater from 7/13/11 to 7/21/11. The period of time that was milled from 
the shells.  
 
 
Figure 3. (A) Tank system in which the 37 juvenile clams grew for the duration of the 
experiment’s growth phase (March to July, 2011). (B) One of the Juvenile A. islandica 
specimens that were grown for the temperature controlled experiment. Photo credit : A.D. 
Wanamaker. 
 
Ambient -10m seawater, from the Damariscotta River estuary, was pumped into the 
flowing seawater labs, where the water flow was reduced (average of 6 liter per minute) and 
heated (using two 800 Watt titanium heaters) or cooled (using ambient seawater) in a 200-liter 
tank to maintain the desired temperature (15°C). Seawater was then pumped into the holding 
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tank at the same flow rate. The tank water turnover rate was once per ~ 83 minutes and seawater 
was returned to the Damariscotta River estuary via an established outflow at the Darling Marine 
Center (Figure 1). 
Salinity was measured using a Hydrolab MiniSonde (± 0.2) (Figure 2). Daily growth rate 
data for the individuals in this study were not collected. To address this, a constant growth rate 
was assumed for the experimental period. This rate was calculated using the total growth of the 
shells during the experiment divided by the number of days of the growing period. On July 21, 
2011, the juvenile clams were harvested. The soft tissue of the clams was removed and the 
valves were rinsed and air-dried. The shells were then shipped to Iowa State University.  
Thirty-seven shells were included in this study; each shell was measured for height, 
width, max height (the	tip	of	the	umbo	to	the	outer	margin), and mass and given an identifier 
(TC10-TC46; see Appendix A). Part of the outer organic layer (periostracum) of each shell was 
removed before the growing margin was sampled.  Approximately 0.4 mm (~9 days of shell 
growth) was carefully milled off the edge of each shell using a Dremel tool with a carbide drill 
bit (#835.11.010) (Figure 4). This ensured that the same amount of time was represented in each 
clam, assuming constant growth. For each shell, two samples of between 250-300 µg were 
prepared for stable isotope analysis. 
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Figure 4. Image of a juvenile shell from the temperature controlled experiment showing the area 
that was milled for isotopic analysis. 
 
 
Isotopic Analysis 
The stable carbon and oxygen isotope ratios (d13C and d18O) of each of the 73 samples 
was determined using a ThermoFinnigan Delta Plus XL mass spectrometer coupled with a 
GasBench II and CombiPal autosampler at the Stable Isotope Laboratory at Iowa State 
University.  Approximately 259±0.03 µg (see Appendix A) of solid aragonite samples were then 
transferred to 12 mL borosilicate Labco Exetainer vials and atmospheric gases were flushed with 
ultra-pure helium. The samples were then acidified by adding 0.1 mL of phosphoric acid at 34°C 
and were allowed to equilibrate for at least 16-18 hours. Standard reference materials, NBS19 
and NBS18, were used to perform regression-based isotopic corrections and place isotope values 
on the correct scale. One reference standard was included for every six samples, with 40 
analyzed for each run. The long-term analytical uncertainty (2s) of the mass spectrometer is 
±0.12‰ (d13C) and ±0.18‰ (d18O). The analytical precision (2s) of the three runs for this study 
was 0.17‰ (d13C), 0.22‰ (d18O). The isotope values from the two splits were averaged for each 
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shell. One shell, TC11, only had one value for δ18O and δ13C. The δ18O values of each shell were 
then translated into temperature values using the modified Grossman and Ku (1986) aragonite 
paleotemperature equation (Eq. 1).  
 
T(°C)water = 20.6 – 4.34*(d18Oshell – (d18Owater – 0.27))    Equation 1. 
 
Due to the absence of seawater δ18O data, a salinity-isotope mixing line for the western 
Gulf of Maine (Whitney at al., 2017) was used to transform the measured salinity values for the 
sampled growth period (Table 1) into δ18O of the seawater (Eq. 2). A salinity of 31.6 ppt was 
used in the salinity-isotope mixing line. This was the average salinity from the nine days that the 
samples represented (Table. 1). 
 
δ18Owater = (0.20*Salinity)-7.79       Equation 2. 
 
Table 1. Measured temperature (°C) and salinity (ppt) of the seawater during the sampled growth 
period. 
 
 
Date Salinity Temperature	()
7/13/11 31.65 14.96
7/14/11 31.68 14.92
7/15/11 31.68 14.92
7/16/11 31.72 14.93
7/17/11 31.78 14.97
7/18/11 31.69 14.95
7/19/11 31.67 14.99
7/20/11 31.62 15.01
7/21/11 31.63 14.94
Average 31.68 14.95
Standard	Deviation	(2σ) 0.096 0.062
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Statistical Analysis 
Statistical analyses were used to establish the magnitude of the uncertainty, for the 
averaged shell d13C and d18O, and distributions of standard deviations for each sample size (n=2 
to 37). Code was developed for the statistical analysis in MATLAB (See Appendix A. for code) 
to perform a Monte Carlo analysis (random sampling without replacement). The Monte Carlos 
analysis is used to create a probability distribution of the uncertainty in the d13C and d18O 
datasets for the various sample sizes (Metropolis and Ulam, 1949). This is done to assess how 
likely the uncertainty of a random sample is larger than the (2s) uncertainty of the dataset. A 
single value could not be selected more than once in the same random sample. 50,000 random 
samples were generated per sample size (n=2 to 37). Replacement was not used in the analysis. 
Standard error, the standard deviation of the sampling distribution of the 50,000 standard 
deviations from the random samples and p-values, the number of sample standard deviations 
greater than the specified threshold level divided by the number of random samples (50,000), 
were calculated for each sample size (n=2 to 37). The threshold levels were set at the standard 
deviation (2s) for the d13C and d18O (0.65, 0.27, respectively).  
 
Results 
Environmental Conditions and Shell Growth 
The average daily temperature for the entire 15 °C growth period (May 14 to July 21, 
2011) was 15.0 ± 0.66 °C (2s). The average daily salinity for the same period was 31.0 ± 0.92 
ppt (2s) (Figure 2; Appendix A).  The average daily salinity for the period of growth that was 
sampled (July 13 to July 21, 2011) was 31.68 ± 0.12 ppt (2s). The average daily temperature for 
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the period of growth that was sampled was 14.95 ± 0.06 °C (2s) (Figure 2; Table 1). Average 
shell growth during the experiment was 3.0 ± 0.1 mm with a growth rate of 0.30 mm/week. 
 
Isotopic Analysis 
The δ18O values for the 37 shells ranged from -0.61‰ to -0.11‰, a range of 0.56‰ 
(mean = -0.37‰, 2s = 0.27‰). The δ13C values ranged from 0.98‰ to 2.3‰, a range of 1.5‰ 
(mean = 1.9‰, 2s = 0.65). The translated temperature values ranged from 13.5°C to 16.0°C, a 
range of 2.45°C (mean = 14.7°C, 2s = 1.18°C) (Table 2; Figure 5; see appendix A). 
 
 
Figure 5. A) Boxplot of averaged δ18O data from the 37 shells. B) Boxplot of averaged δ13C data 
from the 37 shells. 
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Table 2. The d18Oshell, δ13Cshell and Grossman and Ku derived temperatures for all 74 samples, as 
well as the averaged data for each of the 37 shells are shown. The average, 2s, min, max and 
range are shown for all parameters.  
 
 
 
 
ID δ13C	rep	1 δ13C	rep	2 Ave.	δ13C δ18O	rep	1
G	and	K	Temp	
(°C)	rep	1 δ
18O	rep	2
G	and	K	Temp	
(°C)	rep	2 Ave.	δ
18O	
Ave.	G	and	K	
Temp	(°C)
TC10 1.701 1.770 1.735 -0.479 15.20 -0.411 14.90 -0.445 15.05
TC11 2.131 N/A 2.131 -0.456 15.10 N/A N/A -0.456 15.10
TC12 2.073 2.122 2.098 -0.582 15.64 -0.518 15.36 -0.550 15.50
TC13 1.626 1.554 1.590 -0.471 15.16 -0.450 15.07 -0.460 15.12
TC14 2.130 2.080 2.105 -0.574 15.61 -0.464 15.13 -0.519 15.37
TC15 2.002 2.281 2.141 -0.417 14.93 -0.210 14.03 -0.314 14.48
TC16 1.530 1.719 1.624 -0.149 13.76 -0.196 13.97 -0.172 13.87
TC17 0.994 0.974 0.984 -0.524 15.39 -0.524 15.39 -0.524 15.39
TC18 2.240 2.145 2.192 -0.355 14.66 -0.309 14.46 -0.332 14.56
TC19 1.876 1.820 1.848 -0.255 14.22 -0.310 14.47 -0.283 14.34
TC20 1.622 1.571 1.596 -0.235 14.14 -0.278 14.32 -0.256 14.23
TC21 2.204 2.272 2.238 -0.146 13.75 -0.069 13.42 -0.107 13.58
TC22 1.773 1.802 1.788 -0.514 15.35 -0.259 14.24 -0.387 14.80
TC23 2.177 2.048 2.113 -0.378 14.76 -0.283 14.35 -0.331 14.55
TC24 2.343 2.295 2.319 -0.403 14.87 -0.271 14.29 -0.337 14.58
TC25 2.175 2.086 2.131 -0.466 15.14 -0.531 15.42 -0.499 15.28
TC26 1.807 1.943 1.875 -0.706 16.18 -0.604 15.74 -0.655 15.96
TC27 1.864 1.829 1.847 -0.536 15.44 -0.509 15.33 -0.523 15.39
TC28 2.438 2.284 2.361 -0.442 15.04 -0.674 16.04 -0.558 15.54
TC29 2.031 2.133 2.082 -0.822 16.69 -0.520 15.38 -0.671 16.03
TC30 2.120 2.219 2.169 -0.233 14.13 -0.094 13.52 -0.163 13.83
TC31 1.902 1.861 1.881 -0.344 14.61 -0.331 14.56 -0.337 14.58
TC32 1.788 1.820 1.804 -0.273 14.30 -0.202 13.99 -0.237 14.15
TC33 2.191 2.271 2.231 -0.316 14.49 -0.153 13.78 -0.234 14.14
TC34 1.690 1.730 1.710 -0.200 13.99 -0.044 13.31 -0.122 13.65
TC35 1.690 1.740 1.715 -0.396 14.84 -0.312 14.47 -0.354 14.65
TC36 2.247 2.222 2.235 -0.257 14.23 -0.398 14.85 -0.328 14.54
TC37 2.107 2.207 2.157 -0.281 14.34 -0.341 14.60 -0.311 14.47
TC38 2.056 1.986 2.021 -0.288 14.37 -0.291 14.38 -0.290 14.37
TC39 1.922 1.960 1.941 -0.284 14.35 -0.444 15.05 -0.364 14.70
TC40 1.425 1.334 1.379 -0.266 14.27 -0.324 14.53 -0.295 14.40
TC41 1.736 1.942 1.839 -0.477 15.19 -0.378 14.76 -0.427 14.97
TC42 1.515 1.672 1.594 -0.273 14.30 -0.228 14.11 -0.251 14.21
TC43 2.232 2.139 2.185 -0.304 14.44 -0.333 14.56 -0.318 14.50
TC44 2.239 2.091 2.165 -0.249 14.20 -0.449 15.07 -0.349 14.63
TC45 0.891 1.130 1.011 -0.440 15.03 -0.367 14.71 -0.404 14.87
TC46 1.999 2.042 2.021 -0.349 14.63 -0.433 15.00 -0.391 14.82
Average 1.905 1.919 1.915 -0.382 14.776 -0.348 14.626 -0.366 14.708
Std.	Dev.	(2σ) 0.688 0.639 0.653 0.298 1.295 0.295 1.280 0.271 1.178
Range 1.547 1.321 1.377 0.676 2.936 0.630 2.735 0.564 2.448
Minimum 0.891 0.974 0.984 -0.822 13.751 -0.674 13.308 -0.671 13.523
Maximum 2.438 2.295 2.361 -0.146 16.687 -0.044 16.044 -0.107 15.971
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Statistical Analysis 
For δ18O, Monte Carlo simulation showed that a sample size of two shells resulted in a p-
value of 0.048, within the 95% confidence interval. Increasing to a sample size of 3 shells 
resulted in a p-value of 0.017. A further increase to a sample size of 4 resulted in a p-value of 
0.001, within the 99% confidence interval (Figure 6).  
 
 
Figure 6. P-value for oxygen isotope derived temperatures vs. sample size for A. islandica shells 
grown under ideal, temperature controlled (15°C) conditions. The red and green lines represent 
the 95% and 99% confidence intervals, respectively. The x-axis (sample size) starts at a sample 
size of 2. 
 
The Monte Carlo simulation for estimated temperature resulted in a p-value of 0.047 for a 
sample size of 2 shells, which is within the 95% confidence interval. A sample size of 3 resulted 
99%	CI 
95%	CI 
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in a p-value of 0.016. Further increasing the sample size from 3 to 4 resulted in a p-value of 
0.001, within the 99% confidence interval (Figure 7).  
 
 
Figure 7. P-value for temperature vs. sample size for A. islandica shells grown under ideal, 
temperature controlled (15°C) conditions. The red and blue lines represent the 95% and 99% 
confidence intervals, respectively. The x-axis (sample size) starts at a sample size of 2. 
 
 
For δ13C, a sample size of 2 shells resulted in a p-value of 0.064. A sample size of 3 
shells resulted in a p-value of 0.043, within the 95% confidence interval. Increasing to a sample 
size of 4 shells resulted in a p-value of 0.003, within the 99% confidence interval (Figure 8).  
 
95%	 
99% 
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Figure 8. P-value for carbon isotopes vs. sample size for A. islandica shells grown under ideal, 
temperature controlled (15°C) conditions. The blue and green lines represent the 95% and 99% 
confidence intervals, respectively. The x-axis (sample size) starts at a sample size of two. 
 
 
Discussion 
Developing an Ideal Sampling Strategy for δ18O and δ13C  
The results presented here indicate that robust results can be obtained with a minimum 
replication of two (for δ18O) or three (for δ13C) shells at the 95% significance level. An increase 
to a sample size of four shells further reduces the uncertainty to within the 99% confidence 
interval, for both data sets (Figure 6; Figure 8; Appendix A). Considering the time and resources 
that are required to achieve replication, replication beyond four shells (within 99% confidence 
interval for all data sets) is not recommended due to insignificant reductions in uncertainty, for 
both δ18O and δ13C (Figures 6; Figure 8; see Appendix A). 
99% 
95% 
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Assessing Stable Isotope Variability Under Highly Controlled Conditions 
The results presented here are for individuals that were grown under ideal conditions. 
Seawater temperature varied little and the clams were exposed to the same diet, δ18Oseawater and 
salinity. This allows the assessment of isotopic variability of new shell growth without 
environmental variability. Therefore, environmental variability should not be contributing to the 
uncertainty of stable isotope values between these shells in a substantial manner. Studies using 
individuals grown under natural conditions must also take into account isotopic variability from 
environmental influences. Therefore, if the uncertainty for this experimental data is greater than 
the analytical uncertainty, then biological variability (vital effects) from A. islandica is likely 
affecting the stable isotope composition. The 2s uncertainty for δ18O (0.27‰) was close to the 
2s analytical uncertainty of 0.22‰. This could indicate that there was no significant biological 
alteration (vital effect) to the δ18O values during mineralization. However, until the δ18O 
fractionation of A. islandica is further investigated (such as Grossman and Ku, 1986) a potential 
offset from equilibrium cannot be ruled out.  
The 2s uncertainty for δ13C values during the culture experiment was 0.65‰, while the 
2s analytical uncertainty of δ13C was 0.17‰. The δ13C values of A. islandica shell material are 
primarily controlled by two factors: the δ13C of the dissolved inorganic carbon (DIC) in the 
ambient seawater and the metabolic contribution from food, which has been estimated to be 
about 10% (Beirne et al., 2012). However, if variable metabolic contributions occur, clams 
exposed to the same diet may have slightly different δ13C shell values.  Vital effects include δ13C 
fractionation during respiration and metabolic incorporation of carbon into the shell (Beirne et 
al., 2012; Reynolds et al., 2017). It is assumed that the individuals grown for this experiment 
experienced identical δ13CDIC conditions in the tank. While Beirne et al. (2012) found no 
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ontogenetic trend in δ13C values for A. islandica specimens; other studies have suggested that 
vital effects in juvenile individuals cause variable metabolic incorporation of δ13C (Foster et al., 
2009; Butler et al., 2011; Reynolds et al., 2017). This suggests that vital effects, specifically the 
variability in the metabolic carbon incorporated during biomineralization, was not consistent 
between shells and resulted in the increased δ13C variability. Variable incorporation of δ13C, due 
to ontogenetic changes in metabolic rates, has also been suggested for other short-lived bivalve 
species (Elliot et al., 2003; Gillikin et al., 2006). Considering the results presented here and the 
results of past studies (Butler et al., 2011; Foster et al., 2009; Reynolds et al., 2017), caution is 
recommended when utilizing δ13C from young A. islandica material (< 20 years old) due to the 
significant (i.e., larger than analytical error) variability of δ13C, likely caused by ontogenetic vital 
effects. Although the δ13C variability was nearly four times that of analytical uncertainty, if a 
sufficiently large variation in δ13C shell values (> 2‰) occurred over the long lifetime of an 
individual (Schöne et al., 2011) it still may be possible to detect such changes even with the 
noted uncertainty levels determined in this study. 
 
Assessing Oxygen-Isotope Equilibrium During Biomineralization 
The three sources of uncertainty were translated into temperature using the Grossman and 
Ku (1986) equation (Equation 1). This included analytical uncertainty (±1.31 °C, 2s), the 
salinity-isotope mixing model (± 1.26 °C, calculated using root mean square error of 0.29 ‰, 
using data from Whitney et al., 2017), and the temperature transfer function (±1.38 °C; using all 
aragonite data from Grossman and Ku; Eq. 1). When these random sources or error are 
propagated ((a2 + b2 +c2)1/2), the total combined error is ± 2.28 °C (2s) (mean = 14.9 and a range 
of 12.62 to 17.18 °C). An uncertainty of 2.28 °C is large for temperature reconstructions and 
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virtually no studies propagate all of these sources of error. An uncertainty of that magnitude 
could obscure small changes in temperature over time. The average translated temperature 
values, from this study (13.52 to 15.97 °C, 2s), are within range of the measured temperature for 
the sampled nine-day period, 14.9± 0.06 °C (2s). This provides further evidence that A. 
islandica grow their shells in oxygen isotope equilibrium with seawater (e.g., Weidman et al., 
1994; Wanamaker and Gillikin, 2018). Unlike previous findings, the support for growth in 
isotopic equilibrium with seawater from this study does not rely on the assumption of a cessation 
of shell growth during the winter months or alteration of data to fit a shortened growing season 
(i.e., Weidman et al., 1994). The growth that took place in this experiment was in a controlled 
environment, where no cessation of growth occurred. One limitation to this study is the absence 
of daily/weekly δ18Oseawater values. Although this was overcome by employing a salinity-isotope 
mixing line (Whitney et al., 2017), future experimental growth studies should work to confirm 
this conclusion by collecting daily to weekly water samples so δ18Oseawater values don’t need to be 
modeled.  
 
Implications for Stable Isotope Reconstructions Using A. islandica 
Reynolds et al. (2016) used A. islandica to reconstruct hydrographic variability during the 
last millennium. This study had an average replication of 1.4 shells per year (Table 3). From CE 
953 to CE 1350, generally one sample per year is used. The replication slightly increases for the 
next couple hundred years (CE 1350 to CE 1600) and then again decreases to about one sample 
per year from CE 1600 until about CE 1900. The replication during the most recent century (CE 
1900 to CE 2000) of the reconstruction is greater than one shell per year, likely due to easier 
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collection and greater availability of young material. That leaves about 700 years of their 
millennial climate record with only one or two samples per year (Reynolds et al., 2016).  
Another recent study investigated past climate variability by utilizing a stable isotope 
reconstruction from A. islandica shells (Mette et al., 2016). This reconstruction spanned the past 
century. The replication before CE 1970 is low, with most of the time period (CE 1900 to CE 
1970) consisting of values derived from only one shell. The most recent forty years of this 
chronology had relatively high replication, with a max of five samples per year. The majority of 
this time period (CE 1970 to CE 2012) had at least three samples (Mette et al., 2016) (Table 3).  
The Mette et al. (2016) and Reynolds et al. (2016) studies included some replication, 
which is rare for reconstructions that utilize A. islandica as a climate proxy. Most studies do not 
include replication for any period of time within their reconstruction (e.g., Weidman et al., 1994; 
Schöne	et	al,	2004;	Wanamaker et al, 2008) (Table 3).  
Table 3. Length of reconstruction, max number of shells used per year and the average number 
of shells used per year for the five discussed studies. These are typical examples of 
replication, but only represent a small subset of the isotope series created from A. 
islandica. 
 
Few studies have used δ13C records from A. islandica to reconstruct climatic conditions. 
One such study (Schöne et al., 2011) used four shells, from three different sites, within the North 
Atlantic. They constructed four separate chronologies of carbon isotopes, one for each shell. Two 
Study Length	of	record	(yrs)
Max	Replication	
(number	of	shells/yr)
Average	replication	
(number	of	shells/yr)
Reynolds et al., 2016 1048 6 1.4
Mette et al., 2016 112 5 1.9
Wanamaker et al., 2008 150 1 1
Schöne et al., 2004 100 1 1
Weidman et al., 1994 109 2 1
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of the shells were from the same site and can be considered replication. However, they lacked 
replication for the other two sites. The site with two shells had replication in the record, but only 
until 1950, where the record for one of the shells stops (Schöne et al., 2011). A more recent study 
(Reynolds et al., 2017) that used δ13C from A. islandica shells to reconstruct marine δ13CDIC also 
included some replication. The samples, and associated replication, used in this study are the 
same as the previously discussed Reynolds et al. (2016) study.   
If no replication is used, results could potentially be off by over 0.65‰ for δ13C, 0.27‰ 
for δ18O and 1.2°C for translated temperatures (2s uncertainties). Errors of that magnitude could 
significantly reduce the signal to noise ratios of stable isotope records (Figure 9). Figure 9 shows 
existing δ18O (Mette et al., 2016) and δ13C (Schöne	et	al,	2011;	Gulf	of	Maine	chronology)	
chronologies with these errors added to the records. While the signal to noise ratio is reduced for 
both δ18O and δ13C, general trends in the records are still discernable. The δ13C signal is much 
more dampened than δ18O, due to the higher variability in δ13C values (Figure 9). However, the 
results for δ13C uncertainty are based on juveniles which, as previously stated, have greater 
uncertainty due to variable metabolic incorporation of δ13C (Foster et al., 2009; Butler et al., 
2011; Reynolds et al., 2017). Therefore, the uncertainty of δ13C in adult individuals is likely 
smaller than these results suggest, and applying the results for δ13C from this study to adult 
material may exaggerate the uncertainty. 
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Figure 9. Existing δ18O (A; Mette et al., 2016) and δ13C (B; Schöne	et	al,	2011;	Gulf	of	Maine	shell)	
chronologies with error boundaries added to the records. The added errors are ±0.27‰ for δ18O 
and ±0.65‰ for δ13C (2s). 
 
This suggests that the uncertainties for δ18O and δ13C may be significant during the 
biomineralization process of A. islandica. The uncertainty associated with natural variability of 
isotope incorporation could obscure minor climate trends from stable isotope reconstructions. 
Past studies (Weidman	et	al.,	1994;	Schöne	et	al,	2004;	Wanamaker et al, 2008; Mette et al., 
2016; Reynolds et al., 2016) likely still provide useful information about climate variability. 
However, more accurate uncertainties should be reported for these studies, which would lend 
more confidence of their results. Future research should focus on creating reconstructions with 
adequate replication to reduce uncertainty and strengthen the signal to noise ratio. A more 
"
#
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accurate reporting of uncertainties should also be considered. Utilizing replication will result in 
more robust climate models.  
 
Implications for Other Climate Proxies 
This study only assesses the ideal sample replication strategy of δ18O and δ13C of A. 
islandica. There are many other archives that could benefit from a similar analysis. Inadequate 
replication has also been identified for reconstructions from other proxies (Loader et al., 2013; 
Druffel et al., 2014; Carolin et al., 2016). These records may also suffer from large uncertainties 
associated with the lack of replication. The determination of an ideal replication strategy for 
other proxy archives could greatly strengthen climate records from various locations and 
environments, including marine and terrestrial records. The quantification of proxy uncertainty 
will allow for more accurate reporting of errors associated with individual reconstructions; as 
well as strengthen multi-proxy reconstructions, which combine paleoclimate data in an attempt 
to gain a more complete understanding of spatial variability in the climate system through time 
(e.g., Black et al, 2009; Cunningham et al., 2013; Black et al., 2016; Piermattei et al., 2017). 
 
Conclusions 
Results from this study support previous findings that A. islandica biomineralize their 
shells in oxygen isotope equilibrium with the seawater. The uncertainty of the δ13C values from 
the nine-day sampled period was 3.8 times greater than the analytical uncertainty. This is most 
likely due to ontogenetic variability of metabolic carbon incorporation during biomineralization 
for juvenile specimens, supporting results from previous studies. Quantifying the effects of error 
on both sample size and replication will help to eliminate sampling subjectivity and potentially 
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strengthen the robustness of future studies. Studies using δ18O and δ13C from A. islandica shell 
aragonite for climate reconstructions should use a minimum sample size of two or three shells, 
respectively. A sample size of four shells reduces the oxygen and carbon isotope error to within 
the 99% confidence interval. More than four shells may not provide additional benefits. A robust 
study to develop a species-specific transfer function for the translation of δ18O to temperature has 
yet to be performed for A. islandica. A deeper investigation into this issue would enhance the 
confidence in the use of A. islandica as a climate proxy and help to further quantify and 
potentially reduce errors associated with paleotemperature reconstructions. Juvenile A. islandica 
material should be used with caution for reconstructions that utilize stable carbon isotopes, due 
to the increased uncertainty associated with variable incorporation of metabolic carbon. Previous 
studies that utilized A. islandica, but did not include any replication, should be reassessed by 
adding uncertainty estimates and/or replication to existing chronologies. These results highlight 
the importance of replication for stable isotope climate reconstructions. It is recommended that 
investigations into the relationship between replication and error be performed for other 
paleoclimate proxies to more accurately quantify their uncertainties. 
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CHAPTER 3: DEVELOPMENT AND ANALYSIS OF A NEAR CENTURY-LONG 
GROWTH CHRONOLOGY FOR GEORGES BANK (NORTHWESERN ATLANTIC), 
USING THE CLIMATE PROXY Arctica islandica 
 
 
Abstract 
The lack of long-term instrumental data and high-resolution marine proxy records limits 
our understanding of climate dynamics in the Gulf of Maine region during recent 
centuries.  Using a 104-year shell growth record comprised of 15 live caught shells, we 
investigated shell growth variability for the marine bivalve, Arctica islandica, from Georges 
Bank in the Northwestern Atlantic. The shell growth chronology exhibited synchronous growth 
as evidenced by a high expressed population signal (0.94) and a robust interseries correlation 
value (0.61). There was a fairly strong inverse relationship between shell growth and a salinity 
record from the Nantucket Lightship (r = -0.67, p = 0.023) from 1961-1971. There were 
significant negative relationships between shell growth and the North Atlantic Oscillation (r = -
0.31, p = 0.002)/Arctic Oscillation (r = -0.34, p = 0.005) indices, when the shell growth lagged 
by about two years suggesting possible teleconnections from the Arctic region. Additionally, a 
statistically significant inverse relationship also existed between shell growth and Florida 
Current strength, however this relationship was only robust when shell growth lagged by ~20 
months (r = -0.40, p = 0.044), the approximate time for transport and mixing to Georges 
Bank.  Together, these results suggest that shell growth variability on Georges Bank is complex 
and forced by several parameters within the North Atlantic region that ultimately impact food 
availability and food quality. However, the exact mechanisms for these relationships require 
further investigation.  
 
 
  
43 
Introduction 
The Gulf of Maine (GoM) is a semi-enclosed, mid-latitude sea in the Northwest Atlantic. 
The region has a large economic and social value to the Northeast United States and Canada, 
including an extensive fishing industry (Thompson et al., 2010; NOAA, 2017). Several water 
masses mix and influence environmental conditions in the GoM. The dynamics of these water 
masses are highly susceptible to changes in climatic conditions (MERCINA, 2001). The GoM is 
currently undergoing rapid warming (Pershing et al., 2015; Saba et al., 2015), ocean acidification 
(Ekstrom et al., 2015) and ecological changes (Nye et al., 2009; Neckles et al., 2015; Pershing et 
al., 2015; Dijkstra et al., 2017). These rapid changes have led to the GoM being identified as an 
area that is highly susceptible to climate change (Hobday and Pecl, 2014).  
The GoM is an important area climatologically for a number of reasons. It is heavily 
influenced by the interaction between the Gulf Stream and Labrador Current (and associated 
water masses) both of which play major roles in the distribution of heat in the northern 
hemisphere (Bower et al., 2009; Saba et al., 2015). Oceanographic and climatic variability in the 
GoM region have also been linked to the North Atlantic Oscillation (NAO; Taylor and Stephens, 
1998; Hameed and Piontkovski, 2004; Petrie, 2007;), the Atlantic Multidecadal Oscillation 
AMO; Nye et al., 2014; Wanamaker et al., 2008), Atlantic Meridional Overturning Circulation 
(AMOC; Tandon and Kushner, 2015; Townsend et al., 2015), and the position of the Gulf 
Stream (Taylor and Stephens, 1998; Hameed and Piontkovski, 2004). While a number of studies 
have investigated past hydrographic variability (i.e., temperature, salinity) in the GoM region 
(Weidman et al., 1995; Marchitto et al., 2000; Wanamaker et al., 2008; 2011) in recent centuries, 
extensive gaps in our understanding of what drives hydrographic variability through space and 
time in the GoM region still exist. One such gap is the hydrographic variability on Georges Bank 
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(see Weidman 1993; Weidman 1994; Marchitto et al., 2000), an offshore, shallow submarine 
bank (approximately 60m deep) in the southwest GoM (Figure 1) (Townsend and Pettigrew, 
1997). Hydrographic variability (temperature, salinity, nutrient load) on Georges Bank may also 
be linked to the NAO, AMO, AMOC dynamics and the position of the Gulf Stream (Houghton 
and Fairbanks, 2001; Townsend et al., 2014; Townsend et al., 2015). However, the nature of the 
relationships between these factors and hydrographic variability is poorly constrained. The long-
term spatiotemporal climate variability of Georges Bank may better reflect greater North Atlantic 
and AMOC variability than other areas within the GoM, as it is farther removed from coastal 
(riverine) influences (Houghton and Fairbanks, 2001) and has a closer proximity to the Gulf 
Stream (Houghton and Fairbanks, 2001; Gawarkiewicz et al., 2012) (Figure 1). 
 
Due to the lack of instrumental records for Georges Bank, paleoclimate proxies are 
needed to investigate the past hydrographic variability of the region. Although some work has 
been done to investigate past shell growth and hydrographic variability on Georges Bank using 
the high-resolution paleoclimate proxy Arctica islandica (Weidman et al., 1993; Weidman et al., 
1994; Weidman et al., 1995; Marchitto et al., 2000), several outstanding questions remain.  
 
  
45 
 
Figure 1. Bathymetric map of the Gulf of Maine with associated currents. The red star denotes 
location of the shell collection for this study. The black dots denote the locations of the 
environmental data. Red dots denote the locations of previous A. islandica 
chronologies (Weidman et al., 1994 and Marchitto et al., 2000). The distance between 
the Marchitto et al., 2000 site and this study’s sampling site is also shown. Base map 
modified from Townsend et al., 2014.  
 
In this study, we construct a near century-long shell growth chronology, using the marine 
bivalve Arctica islandica. The purpose of this study is to investigate shell growth variability 
through time and to ascertain whether shell growth is synchronous within this population. 
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Additionally, shell growth variability is compared with environmental conditions to develop a 
framework of factors that may influence shell growth through time.  
 
Background and Methods 
Study Site 
The present day GoM basin formed due to erosion from ice sheets, during the Pleistocene 
glaciations (Uchupi and Bolmer, 2008). Georges Bank represents the southern extent of the ice 
sheets and thus was not eroded. This formed the bank’s northern flank into a steep slope, acting 
as a barrier that partially closes off the GoM from the Atlantic (Uchupi and Bolmer, 2008). There 
are three primary water masses that meet and mix within the GoM and Georges Bank: 1) Scotian 
Shelf Water (SSW), a cold, less saline surface layer (~2°C, ~32 ppt), which enters the GoM from 
the Scotian Shelf as a continuation of the Nova Scotia Current (Smith et al., 1989; Mountain, 
2012); 2) Warm Slope Water (WSW) is a warm, relatively saline water mass (~12°C, ~35 ppt) 
that contains a high concentration of nutrients (Mountain, 2012). This water mass is produced 
through mixing of the Gulf Stream, the North Atlantic Central Water, and shelf waters (Gaiten, 
1976; Townsend et al., 2015); 3) Labrador Slope Water (LSW) is colder and exhibits lower 
salinity (~6°C, ~34.5 ppt) and nutrient concentrations compared to WSW (Mountain, 2012). The 
LSW is found deeper than WSW and is a southwestward flowing arm of the Labrador Current 
(Gaiten 1976; Townsend et al., 2006). Deep bottom waters (slope water) primarily come in 
through the Northeast Channel between Georges Bank and Browns Bank (Bigelow, 1927; Smith 
et al., 2001). A majority of the nutrient load that enters into the GoM and Georges Bank comes 
from the slope waters, largely from the more nutrient rich WSW (Townsend, 1991; Townsend 
and Pettigrew, 1997; Townsend, 1998; Townsend et al., 2015). Studies have shown that there is 
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spatiotemporal variability in the proportions of these water masses entering into the GoM and 
Georges Bank (Drinkwater et al., 1998; Mountain et al., 2012; Smith et al., 2012; Townsend et 
al., 2015;). Maine River Water (MRW; variable temperature, ~0 ppt) is also a significant water 
mass in the GoM. Like other water masses, its impact on hydrographic properties has 
considerable spatiotemporal variability (seasonal to annual) within the GoM (Fairbanks, 1982; 
Houghton and Fairbanks, 2001; Pettigrew et al., 2005). 
The hydrographic variability on Georges Bank heavily depends on the mixing and 
upwelling of deep-water masses from the interior GoM onto the bank (Mountain et al., 2012; 
Townsend et al., 2014) through intense vertical mixing from tidally and density driven currents 
(Loder, 1980; Xue et al., 2000; Steel et al., 2007; Richaud et al., 2016). The tidal range over 
Georges bank averages about one meter, and the tidally-driven currents flow at speeds as high as 
100 cm/s (Lynch and Namie, 1993). Georges Bank exhibits unique temperature and salinity 
conditions in comparison to the rest of the region. It has low bottom salinity (~32 ppt) for a non-
coastal area and higher bottom temperatures than other areas in the region (Richaud et al., 2016). 
Georges Bank also has higher than average biological productivity when compared to other 
continental shelf seas (Hu et al., 2008). These unique conditions partly arise from the extreme 
tidally and density-induced mixing that occurs on Georges Bank, resulting in a more 
homogenous water column, little to no stratification, and a distinct anti-cyclonic (clockwise) 
circulation (Loder, 1980; Xue et al., 2000; Steel et al., 2007; Richaud et al., 2016).  
The three previously discussed water masses (WSW, LSW and SSW) are all found on 
Georges Bank (Houghton and Fairbanks, 2001; Townsend et al., 2014). They move through the 
Northeast Channel and tidally mix onto Georges Bank around its boundaries (Hu et al., 2008; 
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Townsend et al., 2014). There is especially strong mixing onto the bank on its Northern Flank, 
where most nutrients originate (Hu et al., 2008; Townsend et al., 2014).  
 
Arctica islandica: A Marine Paleoclimate Proxy 
Paleoclimate proxy records are useful tools that allow for the investigation of past marine 
climatic variability and provide data that strengthens regional climate models (Jones et al., 2009; 
Snyder, 2010). Even though marine environments have a large influence over global climate, 
relatively few high-resolution (sub-annual to decadal) marine paleoclimate records exist (IPCC, 
2007; Paleoclimate chapter). 
The climate archive A. islandica is a commonly used proxy for reconstructing high-
resolution (seasonal to annual) hydrographic variability in the North Atlantic (Schöne, 2013). A. 
islandica has many properties that make it an ideal climate proxy. It has a wide geographic 
distribution within the North Atlantic (Dahlgren et al., 2000; Schone et al., 2013). Individuals are 
exceptionally long-lived, the oldest being 507 years old (Wanamaker et al., 2008; Bulter et al, 
2013). They form annual growth increments (Thompson et al., 1980) and sub-annual 
microgrowth structures (Schöne and Dunca et al, 2005). Populations of A. islandica have also 
been shown to exhibit synchronous growth (Marchitto et al, 2000; Butler et al., 2009) and 
feeding activity (Ballestra-artero et al., 2017). Shell chronologies can include dead-collected 
shells (Marchitto et al., 2000), which can be linked with live-collected shell material, via 
crossdating techniques (Black et al, 2016), allowing for the development of multi-shell master 
chronologies. Floating chronologies, that aren’t linked in with live collected shells, can also be 
constructed through the use of radiocarbon dating (Scourse et al., 2006). Their aragonitic shells 
are suggested to biomineralize in oxygen isotope equilibrium with seawater (Weidman et al., 
  
49 
1994; Mette et al., 2018). Stable and radiocarbon isotope ratios (δ18O, δ13C and 14C) from shell 
material have been used to reconstruct variability in ocean circulation, climatic conditions, 
productivity and carbon dynamics (Schöne et al., 2005; Wanamaker et al., 2008; Butler et al., 
2009; Scourse et al., 2012; Wanamaker et al., 2012; Mette et al., 2016; Reynolds et al., 2016). A. 
islandica have been used to reconstruct past hydrographic condition in the GoM (Wanamaker et 
al, 2008; Wanamaker et al., 2009; Wanamaker et al., 2011; Wanamaker et al., in review), 
including on Georges Bank (Weidman et al., 1993; Weidman et al., 1994; Marchitto et al., 2000). 	
Previous Paleoclimate studies from Georges Bank 
Shell chronologies from A. islandica have been used to reconstruct hydrographic 
variability in the GoM region. Marchitto et al. (2000) constructed the first composite growth 
chronology in the southeastern flank of Georges Bank, allowing for the inclusion of dead-
collected material in shell chronologies (Figure 1). Marchitto et al. (2000) found a very weak 
correlation (r = -0.19, p = 0.088, as reported by Marchitto et al., 2000) with Boothbay Harbor 
mean annual sea surface temperatures (SSTs) and concluded temperature is not the only factor 
that has a strong influence on shell growth (Figure 1). While shells from the same population 
exhibited synchronous growth, Marchitto et al. (2000) reported that shells from different 
populations, as close as 50 km away on Georges Bank, had little to no correlation. Strong 
correlations existed between different populations up to ~20 km away on Georges Bank 
(Marchitto et al., 2000). Another study, Weidman et al. (1994) used a single A islandica shell to 
construct a short δ18O series (1956-1957 and 1961-1971) for a site on Nantucket Shoals. 
Weidman et al. (1994) found that the δ18O record and growth banding of the shell were in phase 
with each other and determined that A. islandica deposit their growth bands annually. Based on 
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correlation analysis with the nearby Nantucket Lightship bottom temperature record, Weidman et 
al. suggested that A. islandica grew only eight months of the year with shell growth shutting 
down at temperatures below ~6 °C, a finding that has not been verified (Weidman et al., 1994). 
Weidman et al. (1994) also concluded that A. islandica deposit their shells in oxygen isotopes 
equilibrium with seawater due to the good fit between their data and the Grossman and Ku 
(1986) equation. However, the data was adjusted to the unverified eight-month growing season 
(Weidman et al., 1994; sites are shown on Figure 1).  
A master shell growth chronology was also constructed for a site near Seguin Island in 
the northwest GoM (Figure 1) (Wanamaker et al., in review). There was a weak, inverse 
relationship with the nearby (~16 km) Boothbay Harbor (BBH) SST record (r = -0.19 to -0.26; p 
< 0.05) and a strong negative correlation (r = -0.48 to -0.64; p < 0.05) with the -8m temperature 
record at BBH, although the relationship between shell growth and SST was not consistent 
through time. The other shell growth chronology was constructed for a site near Jonesport, 
Maine (Northeast GoM) (Figure 1; see Griffin, 2012). This site sits 62 km away from the long-
term temperature record at the Prince 5 station (Figure 1) in the northeastern GoM. Griffin 
(2012) reported a weak negative correlation with SST and temperature at -100 m from the Prince 
5 station.  
 
Shell Collection and Preparation 
 The E.S.S. Pursuit, a Northeast Fisheries Service Center (National Oceanographic and 
Atmospheric Administration; NOAA) vessel, collected approximately 100 live and 100 dead A. 
islandica specimens, on August 4th, 2016. They were collected with a four-meter wide, 
commercial-style hydraulic dredge, during a single five-minute tow, at a speed of three knots and 
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a depth of 70m. The tow started at coordinates of 40° 43.506’ N, -67° 42.506’ W and ended at 
40° 43.538’ N, -67° 42.647’ W, near the southeast flank of Georges Bank (Figure 1). The shells 
were packaged and shipped to Iowa State University (Ames, Iowa, USA). 
 
Figure 2. A) Live caught Arctica islandica left valve. The solid red line denotes the axis of 
maximum shell growth. B) Sectioned shell after being encased in epoxy. Margin and 
hinge are shown with black line, white arrows denote direction of growth. C) 
Photomicrograph of the hinge area with annual increments. D) Photomosaic of clam 
margin under microscope, the solid red line denotes and annual increment (1 year of 
growth). 
 
All 200 shells were weighed, measured (length, height, etc.) and archived (Appendix B). 
Sclerochronological processing were employed as outlined in previous studies (Scourse et al., 
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2006; Butler at al., 2009; Wanamaker et al., 2009; Mette et al., 2016). Twenty-four of the live-
caught shells were sectioned (2 cm-thick sections) along the axis of max growth using a Gryphon 
diamond band saw, from the umbo to the margin (Figure 2A). The shell sections were encased in 
clear epoxy (Buehler Epoxicure 2 resin and hardener) and cut in half using a Buehler Isomet low 
speed saw.  
Once cut, each shell had a pair of mirror image sections (labeled blocks A and B) (Figure 
2B). These were then polished with a succession of sandpaper grit (120, 400, 600, 800 and 
1200), rinsed with DI water, and allowed to dry. Acetate peels were then prepared using one of 
the two shell blocks. The other blocks were saved for stable isotope sampling and analysis. The 
acetate peels were made by submerging the shell blocks in 1% HCl for three minutes in order to 
etch the surface of the shell. They were then gently dipped in DI water and allowed to air-dry for 
at least 12 hours. The surfaces of the shell blocks were then coated with a thin layer of acetone 
and cellulose acetate replication sheets (0.035 mm cellulose acetate film, Electron Microscopy 
Sciences Catalog No. 50420-30) were placed on each shell and allowed to dry. The acetate 
replica peels were carefully removed from the blocks, trimmed and mounted in-between two 
glass slides for petrographic analysis.  
 
Master Shell Chronology 
The 24 mounted acetate peels were visually analyzed under a Nikon Eclipse E600 
transmitted light microscope and digitally imaged using Buelher OmniMet software. The year of 
collection (2016) had very little growth; the first complete increment for each shell was 
identified as the previous year (2015). Marker years (exceptionally small or large increments) 
were identified through visual comparison to neighboring growth increments (see Stokes and 
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Smiley, 1996). Following dendrochronological procedures, visual crossdating was completed 
before growth increments were measured (Speer, 2010). This allows for the accurate assignment 
of calendar years to each increment before measurement and statistical analysis (see Speer, 2010; 
Black et al., 2016). Acetate peels with exceptionally prominent/clear growth increments were 
preferentially chosen for inter-shell comparisons. To increase crossdating accuracy intra-shell 
analysis was also employed (on ~7% of the shells) where the hinge and margin of one 
particularly long-lived and clear shell were compared (Figure 2C and Figure 2D). Intra and inter-
shell comparisons were made in order to identify and correct false or missing increments from 
the record. Specific care was taken to measure along the same axis during measurements to 
account for differences in intra-band growth rates. Once crossdating was completed, the growth 
increments of each shell were measured using Buehler OmniMetGrowth imaging software and a 
Nikon Eclipse E600 transmitted light microscope. Imaging and measuring of the increments 
were performed under 2x, 5x, 10x and 20x magnification, depending on the clarity of the growth 
bands.  The growth band measurements from the 24 shells were analyzed using the 
SHELLCORR script in MatLab (Scourse et al., 2006). This was done to assess the inter-shell 
correlation of the growth bands. Errors that were identified using SHELLCORR were then 
visually examined. If mistakes in the measurements were identified, the portion of the shell that 
was incorrect was remeasured to rectify the error. A master shell growth chronology was created 
using the chronology development program ARSTAN (Cook, 1985) after visual crossdating was 
complete. Due to low quality of some of the acetate peels, measurements from 15 of the 24 shells 
were included in the master shell chronology. Negative exponential curve detrending was used 
for the construction of the master shell chronology to exclude ontogenetic growth trends present 
in A. islandica individuals (Schöne	et	al.,	2013). The master shell growth chronology was 
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constructed using a biweighted mean to reduce the effect of outliers in the growth increments 
series (Cook et al, 1990). Statistical assessments of chronology strength, interseries correlation 
(rbar; strength of common signal of the chronology), expressed population signal (EPS, Equation 
1, N = number of shells; Wigley et al., 1984) and mean sensitivity, the relative change in ring 
width from one year to the next, were calculated in ARSTAN and COFECHA (programs 
developed for dendrochronology; Cook, 1985; Grissino-Mayer, 2001; Speer, 2010).   
 EPS = (𝑅N)2 » "#$%("'$)#       Equation 1. 
 
Instrumental Data 
 Annual bottom (-60 m) salinity data was obtained for the Nantucket Lightship, 1961-
1971 (Figure 1; Weidman, 1994; available at 
https://www1.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/weidman1994/). The 
Nantucket Lightship is the closest instrumental record to the Georges Bank that has been 
evaluated in previous A. islandica reconstructions (Figure 1). The Marchitto et al. (2000) A. 
islandica chronology was obtained through NOAA’s paleodata search 
(https://www.ncdc.noaa.gov/paleo-search/). The Florida Current (1982-2018), NAO (1821-
2018), and AO (1950-2018) data sets were obtained from the KNMI climate explorer website 
(https://climexp.knmi.nl/). 
 
Statistical Analysis Two	spectral	analysis	techniques	were	employed	to	assess	periodicity	in	the	shell	growth	chronology.	To	assess	the	dominant	modes	of	the	timeseries	and	the	variability	in	periodicity	over	time,	wavelet	analysis	was	performed	(Morlet;	m	=	6)	using	the	‘Cross	
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Wavelet	and	Wavelet	Coherence	Toolbox’	for	MatLab	(Grinsted et al., 2004; Torrence and 
Compo, 1998).	Wavelet	analysis	decomposes	a	timeseries	into	time-frequency	space.	The	spectral	analysis	was	assessed	at	the	95%	significance	level	against	a	red	noise	background	(AR1).	Wavelet	software	was	provided	by	C.	Torrence	and	G.	Compo	(http://paos.colorado.edu/research/wavelets).		The	multitaper	method	(MTM),	a	refined	Fourier-based	analysis,	is	used	to	identify	the	dominant	periods	at	the	95%	significance	level	relative	to	a	red	noise	background	spectrum	(AR1;	Thomson,	1980;	Torrence	and	Compo,	1998).	The	program	k-Spectra (version 3.4.3)	was	utilized	to	perform	the	multitaper	method	on	the	shell	chronology	(MTM;	Thomson	1982,	Mann	and	Lees,	1996).			 The	relationships	between	the	shell	growth	chronology	and	environmental	data/indices	were	assessed	using	the	Pearson	correlation	coefficients	(r).	Correlations	were	calculated	using	KNMI	Climate	Explorer.	A four-month average of the records was used 
for the analysis of the NAO and AO, as their signature is strongest for a four-month period 
(December to March; (Hurrell, 1995; Hurrell et al., 2003). The	Florida	Current	strength	data	was	evaluated	with	a	two-year	smoothing	and	an	eight-month	average,	due	to	the	previously	suggested	eight-month	growing	season	of	A.	islandica	(Weidman	et	al.,	1994).	Smoothing	the	records	by	two	years	reduces	the	noise	and	reveals	trends	in	the	record,	with	the	caveat	that	it	reduces	the	degrees	of	freedom.	The	master	shell	chronology	was	compared	against	environmental	data/indices	and	the	Marchitto	et	al.	(2000)	A.	islandica	chronology.	The	environmental	data	included	the	Nantucket	Lightship	Salinity	record	(Figure	1),	Florida	Current	strength,	the	NAO	index	and	the	AO	index.			
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Results	
Master	Shell	Growth	Chronology	The	master	shell	growth	chronology	for	Georges	Bank	was	constructed	with	measurements	from	15	live-caught	shells.	The	ages	ranged	from	14	to	105	years	old,	with	an	average	age	of	74	years	(1s standard deviation = 27). The shell growth series spans 104 
years (1912-2015) (Figure 4A). The average shell depth (number of shells/year) is 10.6 and 
ranges from 1 to 15 shells (Figure 4E). The average EPS, for the period of 1946-1991, was 0.94 
(50-year window with a 25-year overlap), which is above the significance threshold of 0.85. It 
stays above the threshold from 1946-1991 (Figure 4C). The average rbar (interseries correlation) 
is 0.61 (Figure 4D). The mean sensitivity calculated from COFECHA of the master shell growth 
chronology is 0.39.  
 
Figure 3. Spectral analysis using the multitaper method using k-Spectra (version 3.4.3). The solid 
grey line shows the 95% confidence interval, using a red noise background (AR1). 
Frequencies exceeding the significance level are labeled with arrows and period (in 
years).  
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Figure 4. Master shell growth chronology from Georges Bank. A) Detrended growth records 
from the 15 shells included in the chronology. Each color represents a different shell; the 
thick black line represents the standard chronology. B) Raw growth increment width 
measurements for all 15 shells (mm). Each shell is represented by a different color. C) 
Expressed population signal (EPS). The significance threshold of 0.85 is marked with the 
dashed red line. D) rbar statistic showing average interseries correlation between series. 
E) Number of shells in the chronology over time. 
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Spectral	Analyses	(Wavelet	and	MTM)	
Multitaper Method 	
 The master shell growth chronology showed three significant (above 95% confidence 
level) periodicities using the MTM analysis. These were at 17.6, 14.8 and 4.3 years (Figure 3).  
 
Wavelet analysis  
The wavelet analysis showed a periodicity of ~12 years from the beginning of the 
chronology until the late 1930s. There is a dominant periodicity of ~20 years from 1940 until the 
late 1980s. The periodicity shifts to ~6 years for a brief period of time in the early 1990s before 
moving to ~4 years until the end of the cone of influence, where the rest of the record becomes 
susceptible to distortion from padding (i.e., the cone of influence) (Figure 5). 
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Figure	5.	Continuous	wavelet	transform	for	the	Georges	Bank	standard	growth	chronology	using	the	Morlet	(m	=	6)	wavelet. The wavelet power at each period is normalized by 
the global wavelet spectrum. Greyed-out regions (below cone shape boundary; influenced 
by padding with zeros) indicate the areas of the spectrum that are susceptible distortion of 
the spectrum. The black contour lines represent the 95% confidence interval against a red 
noise (AR1) background (Grinsted et al., 2004; Torrence and Compo, 1998). 
 
Comparing Shell Growth with Regional Records 
Nantucket Lightship bottom (-60m) salinity 
Comparisons with the annual Nantucket Lightship bottom salinity data (-60 m, 1961-
1971) revealed a negative correlation with the growth chronology, significant at the 95% 
confidence interval. The coherence between the records occurred with no lag (Table 1).  
 
 
Table 1. Pearson correlation (r) and p-values for the comparison of the Nantucket Lightship 
salinity record with the master shell growth chronology series. A positive lag indicated 
shell growth lagging the salinity record.  
 
 
 
North Atlantic Oscillation 
The monthly NAO index had a weak negative correlation with the shell growth record 
(1912-2015) and with the growth chronology (1946-2015). The comparisons were analyzed with 
a four-month average, shell growth lagging the temperature record, and no smoothing. The 
period of January-April had correlations significant at the 95% confidence interval, when shell 
growth lagged the NAO by 22-24 months. The strongest coherence with the shell growth record 
Record Months lag r p-value
Nantucket	
Lightship
Annual 0 -0.67 0.023
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(1912-2015) and growth chronology (1946-2015) occurred when shell growth lagged by 24 
months (Table 2). 
 
Table 2. Pearson correlation (r) and p-values for the comparison of the NAO index with the shell 
growth record (1912-2015) and growth chronology (1946-2015). A positive lag indicated 
shell growth lagging the NAO record.  
 
 
 
Arctic Oscillation  
 The master shell growth chronology had a weak negative correlation with the Arctic 
Oscillation (1950-present). The relationship between shell growth and the Arctic Oscillation was 
analyzed using a four-month average and no smoothing. The period of March-June had 
correlations at the 95% confidence interval when shell growth lagged the AO by 21-24 months. 
The strongest coherence occurred when shell growth lagged by 21 months (Table 3).  
 
Table 3. Pearson correlation (r) and p-values for the comparison of the AO index with the shell 
growth chronology. The time period in months and lagging relationship is also shown. A 
positive lag indicates shell growth lagging the AO index.  
 
 
Record Smooth Months lag r              (1912-2015)
p-value 
(1912-2015)
r              
(1946-2015)
p-value 
(1946-2015)
24 -0.31 0.002 -0.36 0.002
23 -0.30 0.002 -0.33 0.005
22 -0.25 0.011 -0.26 0.034
NAO N/A Jan-Apr
Record Smooth Months lag r p-value
24 -0.34 0.005
23 -0.34 0.005
22 -0.34 0.005
21 -0.35 0.004
AO N/A Mar-Jun
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Florida Current Strength 
 The master shell growth chronology had moderate negative correlations with the monthly 
Florida Current record (1982-present). The relationship between shell growth and the Florida 
Current strength was analyzed using an eight-month average and a two-year smoothing. The 
records correlated at the 95% confidence interval with both no smoothing and a two-year 
smoothing, for January-August. The strongest coherence occurred when shell growth lagged by 
19 months with no smoothing, and 22 months with a two-year smooth (Table 4).  
 
Table 4. Pearson correlation (r) and p-values for the comparison of Florida Current strength with 
the shell growth chronology. The time period in months, smoothing and lagging 
relationship is also shown. A positive lag indicates shell growth lagging Florida Current 
strength. 
 
 
 
Marchitto et al. (2000) Shell Growth Chronology 
The shell growth series did have any coherence with the Marchitto Georges Bank growth 
chronology (1888-1992; Marchitto et al., 2000; Figure 1) The comparison was performed with 
no lag between the records. (Table 5). 
Record Smooth Months lag r p-value
20 -0.40 0.044
19 -0.41 0.040
18 -0.40 0.045
22 -0.63 0.002
21 -0.63 0.002
20 -0.62 0.004
Florida	
Current Jan-AugN/A
Florida	
Current 2 Jan-Aug
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Table 5. Pearson correlation (r), and p-values for the comparisons between the Marchitto et al. 
(2000) growth chronology and the shell growth chronology from this study.  
 
 
	
Discussion	
Growth	Synchronicity	
The EPS is a function of the number of samples and the interseries correlation of the 
chronology (Equation 1). With an interseries correlation of 0.61, only four shells were required 
to reach the significance threshold of 0.85 for this chronology. The average EPS value of 0.94, 
for 1946-1991, was above 0.85 (Wigley et al., 1984) suggesting that the A. islandica population 
from Georges Bank exhibits synchronous growth (Figure 4C). This is a necessary prerequisite 
for the construction and analysis of growth chronologies. Without synchronous growth, there is 
no common environmental signal recorded by the population, and past environmental conditions 
cannot be reconstructed (Butler et al., 2010). The EPS does not go below the significance 
threshold of 0.85 at any point of the analyzed period (1946-1991; Figure 4C). The average 
interseries correlation (rbar), from 1946-1991, was also high at 0.61 and comparable to other A. 
islandica chronologies (Black et al., 2009 (0.67]; Mette et al., 2016 [0.52]; Wanamaker et al., in 
review [0.64]), providing further evidence that the chronology is robust and responding to 
environmental forcing(s) (Figure 4D). The mean sensitivity of 0.39 is within range of other A. 
islandica chronologies (Black et al., 2009 [0.22 to 0.29]; Butler et al., 2013 [0.50]; Mette et al., 
2016 [0.42]; Wanamaker et al., in review [0.45]) and within the suggested range of 0.2-0.4 (set 
Speer, 2010). If mean sensitivity is below 0.2, the growth may be too complacent (i.e., not 
Record Months lag r p-value
-0.10 0.379
Marchitto		
Chronology
Annual 0
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responding to an environmental forcing) to build a chronology, whereas a mean sensitivity of 0.4 
may be difficult to crossdate (Speer, 2010). The range of 0.2 to 0.4 for mean sensitivity was 
determined for tree-rings and may not be directly applicable to studies utilizing growth bands 
from A. islandica shells (Speer, 2010). The average sample depth for the chronology was 10.5 
shells/year. Sample depth starts at one shell/year, reaches three shells/year at 1916, and gradually 
increases until its maximum of 15 shells/year from 2003-2015 (Figure 4E).  
 
Periodicity	of	the	Growth	Chronology	
Spectral analysis revealed decadal and sub-decadal periodicities from the growth 
chronology (Figures 4 and 5). Spectral analysis using MTM revealed significant periodicities at 
17.6, 14.8 and 4.3 years (Figure 3). The wavelet analysis revealed dominant periodicities of 
about ~12 years until the 1930s where it shifted to ~20 years for most of the record (1940 until 
the late 1980s) and then finally ~4-6 years for the rest of the record that was within the cone of 
influence (Figure 5). One artifact of detrending the growth series to remove ontogenetic growth 
trends is the “segment length curse” (Cook et al., 1995). Detrending obscures some trends and 
only allows the assessment of signals that are ~1/3 the mean segment length of the record (Cook 
et al., 1995); for this growth chronology that is ~25 years. This is too short of a time span to pick 
up signals from known drivers of North Atlantic climate such as the 60-80-year periodicity of the 
AMO (Delworth and Mann, 2000). It is possible that there are periodicities in the record greater 
than 25 years, but these cannot be assessed until the chronology is extended further. However, 
periodicities of 4.3 years from the MTM and 4-6 years from wavelet analysis are similar to the 
three to eight year periodicities previously found for the North Atlantic Oscillation (Gámiz-Fortis 
et al., 2001; Olsen et al., 2012) and the Arctic Oscillation (Jevrejevah et al., 2003). The 14-20 
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year periodicities of the growth chronology may also be influenced by the AO and NAO, as 
periodicities in this range have also been reported (Jevrejeva and Moore, 2001; Jevrejeva et al., 
2003). 
 
Shell Growth vs. Nantucket Lightship Salinity  
 It has been suggested that shell growth variability of A. islandica is influenced by 
seawater temperature and food availability (Witbaard et al., 1994; Mette et al., 2016). 
Unfortunately, there are no long-term instrumental records near Georges bank, so the effect of 
hydrographic variability on shell growth cannot be assessed directly. However, the short annual 
bottom salinity record (-60 m, 1961-1971) from the nearby Nantucket Lightship was used to 
compare against shell growth (Figure 1). The Nantucket Lightship salinity record had significant 
coherence with the shell growth chronology (r = -0.67), accounting for ~45% of the variance in 
the shell growth (Table 1). The zero-year lag between records is expected, due to the close 
proximity of the Nantucket Lightship to the study site. The inverse relationship indicates that as 
salinity decreases near the Nantucket Lightship, shell growth increases at the study site on 
Georges Bank. 
While we cannot directly asses the effect of temperature and food availability in shell 
growth, the variability in salinity likely reflects changes in the water mass dynamics at the site. 
Changes in the proportion of water masses that enter the GoM affects salinity, temperature, and 
nutrient concentrations (Drinkwater et al., 1998; Loder et al., 2001; Mountain et al., 2012; Smith 
et al., 2012; Townsend et al., 2015). Periods of cold, relatively fresh, low nutrient conditions are 
indicative of an increased input of Scotian Shelf Water, while periods of warm, saline and high 
nutrient conditions arise from an increased transport of Slope Water (Gatien, 1976; Drinkwater et 
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al., 1998; Townsend and Ellis, 2010). The two slope water sources also differ in these properties. 
WSW is warmer, more saline and has a higher nutrient concentration than LSW (Gaiten, 1976; 
Townsend et al., 2006; Townsend et al., 2015). Due to these differences in water mass 
properties, we would expect a higher salinity to accompany a greater influx of slope water, 
specifically WSW, leading to higher nutrient concentrations. More nutrients could in turn lead to 
greater productivity, food availability and increased shell growth (Townsend et al., 2006; 
Wanamaker et al., 2008; Townsend et al., 2014).  
However, the relationship between the Nantucket Lightship salinity record and our shell 
growth record is inverse. Results from one study, which assessed the long-term (1950-2010) 
bottom salinity in the GoM, suggested that dipole may exist between salinity near the study site, 
on Georges Bank, and the location of the Nantucket Lightship (Richaud et al., 2016). If this were 
the case, when salinity is low near the Nantucket Lightship, salinity would be higher near the 
study site on Georges Bank. Therefore, low salinity conditions near the Nantucket Lightship 
could accompany a greater influence of WSW on Georges Bank, leading to an increase in 
nutrients and available food at the study site resulting in greater shell growth. This is one 
possible mechanism for the inverse relationship between salinity at Nantucket Lightship and 
shell growth for this particular population of A. islandica. Unfortunately, this mechanism cannot 
be directly assessed due to the lack of reliable, long-term instrumental records. The Nantucket 
Lightship salinity record is also very short (1961-1971), so the long-term coherence between 
bottom salinity and shell growth could not be assessed. 
 
 
 
  
66 
Shell Growth vs. NAO/AO Index 
 There is previous evidence that NAO/AO variability has a significant influence on 
hydrographic properties within the GoM (Drinkwater et al., 1998; Taylor and Stephens, 1998; 
Hameed and Piontkovski, 2004; Petrie, 2007; Mountain 2012). However, the relationship 
between these indices and shell growth on Georges Bank is currently unknown. Our analysis 
revealed a significant inverse relationship between the NAO index, the shell growth record 
(1912-2015, r = 0.25 – 0.31; Table 2) and growth chronology (1946-2015, r = 0.26 – 0.36; Table 
2) accounting for 6-13% of the annual shell growth variability. A positive NAO coincides with a 
decrease in shell growth, when shell growth lags the NAO by about two years. A two-year lag 
between these records corresponds with previous studies that found it takes 1-2 years for the 
North Atlantic to respond to changes in the NAO/AO (Taylor and Stephens, 1998; Wanamaker 
et al., 2008; Mountain et al., 2012; Peterson et al., 2017).  
The AO is an index of the of atmospheric circulation over the Arctic. During a positive 
AO phase, there is decreased surface pressure over the Arctic and increased surface pressure 
over the northern subtropical oceans resulting in stronger circumpolar winds, which confine 
colder air to the Arctic, and vice versa during negative phases (Gillett et al., 2002). Like the 
NAO, the AO index had a significant inverse relationship with our shell growth record (r = 0.34 - 
0.35; Table 3); accounting for ~12% of the shell growth variability. However, unlike the NAO, 
the winter months of the AO record did not have significant coherence with shell growth. A 
spring period of the AO record (March-June) did exhibit a coherence with shell growth, which 
was unexpected due to the strong winter (December-March) influence of the AO that has been 
reported in previous studies (Hurrell, 1995; Hurrell et al., 2003). This result requires further 
investigation as there is yet to be a detailed study exploring the influence of the AO on 
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hydrographic properties in the GoM. According to this negative relationship, positive AO 
corresponds with less shell growth, and vice versa, when shell growth lags the AO by 
approximately two years. The coherence between the shell growth chronology and the AO record 
have a similar magnitude and lag to the NAO comparisons. While there has been little 
investigation into how the AO affects the hydrographic variability in the GoM, the NAO and AO 
are highly correlated and may have similar effects (Thompson and Wallace, 1998; Deser, 2010).  
The classical view of how the NAO may affect the GoM region is noted below. During a 
negative NAO phase the Labrador Current intensifies leading to a greater input of LSW into the 
GOM and a displacement of WSW offshore. As a result of increased intensity of the Labrador 
Current and a southward shift of the Gulf Stream north wall, cooler and fresher conditions 
prevail during a negative phase and vice versa during a positive phase (Drinkwater et al., 1998; 
Tayor and Stephens, 1998; MERCINA, 2001; Mountain et al., 2012; Townsend et al., 2015). 
Due to the high coherence between the NAO and AO one could expect a similar response in the 
GoM to an AO positive/negative phase as an NAO positive/negative phase (Thompson and 
Wallace, 1998; Deser, 2010). While there has been little investigation into the effect of the AO 
on the GoM, one possible explanation for a relationship between AO and shell growth on 
Georges Bank is related to export of sea ice and fresh, low nutrient waters from the Arctic into 
the North Atlantic. A previous study suggested that an increase in freshwater export occurs 
during positive AO conditions (MERCINA, 2012). However, this has been contradicted by a 
more recent study which suggested an increase in the export of fresh arctic water into the western 
North Atlantic during negative AO conditions (Moore et al., 2017). Considering that LSW has a 
lower nutrient concentration than WSW, a greater input of LSW/Arctic waters into the GoM 
would lead to a lesser input of nutrients into the regions, which could lead to less available food 
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and less shell growth. Results from one study that investigated a population of A. islandica in the 
western GoM support this mechanism for the NAO (Wanamaker et al., 2008). They found a 
positive relationship between the NAO and shell growth, and hypothesized that it arose from a 
greater input of nutrient-rich WSW into the GoM, during NAO positive phases (Wanamaker et 
al., 2008). The results from Georges Bank are counter to these findings, with a negative NAO 
leading to more shell growth. However, our results may not be anomalous, as this classic 
understanding has been thrown into doubt (Mountain et al., 2012; Townsend et al., 2015). The 
interpretation of the effect of the AO on the environmental conditions at Georges Bank is 
muddled by the contradictory finding of past studies. However, our results seemingly agree with 
the MERCINA (2012) study, with a positive AO leading to an increased export of Arctic waters 
and a decrease in shell growth. Again, these relationships cannot be directly assessed due to the 
lack of reliable, long-term nutrient/food data for Georges Bank. While these results suggest a 
slight remote forcing from the NAO and AO on hydrographic variability, there is no clear 
mechanistic link that explains the inverse relationship between the NAO and shell growth on 
Georges Bank. While there is a potential mechanism that explains the inverse relationship 
between shell growth and the AO, it requires further investigation.  
  
Shell Growth vs. Florida Current Strength 
The position of the Gulf Stream north wall has a known impact on hydrographic 
variability on the GoM (Taylor and Stephens, 1998; Nye et al 2014; Townsend et al., 2015). 
There are various factors that affect the position of the north wall, including NAO/AO variability 
(Taylor and Stephens, 1998; Hameed and Piontkosvski, 2004; Gangopadhyay et al., 2016). The 
strength of the surface AMOC has a strong influence on the position of the Gulf Stream north 
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wall (Zhang, 2008; Joyce and Zhang, 2010). The Florida Current, a wind-driven surface 
component of AMOC, flows through the Florida Straits before joining with the Gulf Stream off 
the east coast of Florida (Lynch-Steiglitz et al., 1999; DiNezio et al., 2009). The strength of the 
Florida Current has been inferred from voltage measurements monitored by submarine telephone 
cables across the Straits of Florida (27 °N) continuously since 1982, with one large gap 
occurring from 1998-2000 (Larson and Sanford, 1985; Meinen et al., 2010).   
The Florida Current record (1982-Present) had a statistically significant inverse 
relationship with our shell growth record (r = -0.40 to -0.41; Table 4), when shell growth lagged 
by about 18-20 months. The coherence between records was strengthened when a two-year 
smoothing was applied to both records and shell growth lagged by about 20-22 months (r = -0.62 
to –0.63; Table 4). The variability in Florida Current strength accounted for ~16% of variability 
in shell growth, and 37-39% of when the records were smoothed. This coherence of this 
magnitude is significant considering that temperature generally accounts for only ~10-30% of 
shell growth variability in A. islandica (Schöne et al., 2003; Butler et al., 2010; Mette et al., 
2016). Considering the complexities of transferring the signal of the Florida Current strength to 
the shells on Georges Bank, (e.g., circulation, advection, mixing, biological incorporation) a lag 
of ~2 years is likely not unreasonable. This is supported by a simple comparison between the 
Florida Current and the Gulf Stream north wall records, which revealed a strong inverse 
relationship between the two records (r = -0.68, p < 0.01; Gulf Stream north wall data obtained 
from Taylor, 2011) when the position of the Gulf Stream north wall lagged by 20 months. This 
suggests that when the Florida Current strengthens ~20 months later the Gulf Stream north wall 
shifts further south, and vice versa. Additionally, a lag of about two years is also supported by 
results of two recent studies, which found that it can take American eel larvae about one year to 
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reach the GoM region from location of the Florida Current measurements (Rypina et al., 2014; 
Rypina et al., 2016). The Florida Current and Gulf Stream transport warm, nutrient rich waters 
into the North Atlantic from lower latitudes, so some relationship between Florida Current 
strength and shell growth on Georges Bank is to be expected. However, it is currently unclear 
why shell growth lags Florida Current strength by 18-22 months.  
These results indicate that a stronger Florida Current results in decreased shell growth on 
Georges Bank. A stronger surface AMOC would likely result in a stronger Florida Current and 
Gulf Stream (Srokosz et al., 2012; Park and Sweet, 2015). An increase in the strength of surface 
AMOC leads to a southward shift of the Gulf Stream north wall and a reduction in WSW 
entering into the GoM (Zhang, 2008; Joyce and Zhang, 2010). Less WSW entering into the GoM 
would lead to colder, low nutrient conditions (Gaiten, 1976; Townsend et al., 2006; Townsend et 
al., 2015), resulting in a reduction in available food and less shell growth (Witbaard et al., 1997). 
If shell growth at this site is indeed reflecting Florida Current strength and surface AMOC 
dynamics, then A. islandica from this population could potentially be used to reconstruct past 
AMOC activity, which is believed to have played a prevalent role in large climatic shifts in the 
past (Alvarez-Solas and Ramstein, 2011; Barker et al., 2011; Wanamaker et al., 2012).  
 
Shell Growth vs. Marchitto et al. (2000) chronology  
 The master shell growth chronology developed here was compared against the Marchitto 
et al. (2000) A. islandica chronology from Georges Bank, ~77.5 km away (Figure 1, Table 3). 
The Marchitto et al. (2000) chronology did not exhibit any coherence with the growth 
chronology from this study. This suggests that the factors that influence shell growth at our study 
site differ from those at the Marchitto site. This finding is unsurprising considering the results 
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from the Marchitto et al. (2000) study, which found that shells from sites as close as 50 km on 
Georges Bank had little to no correlation with each other (Marchitto et al., 2000). 
	
	
Conclusions	and	Future	Work	
	 The 104-year shell growth series (1912-2015) from Georges Bank, in the Northwestern 
Atlantic, was constructed to investigate shell growth variability through time and determine 
whether this population exhibits synchronous growth. The shell growth variability was also 
compared with environmental conditions and climate indices to determine what factors may be 
influencing shell growth over time. This population may then be used for paleoclimate 
reconstruction to investigate the spatiotemporal hydrographic variability of Georges Bank in the 
GoM (Northwestern Atlantic). Results suggest that the A. islandica population from this site 
exhibits synchronous growth, demonstrated by a high EPS and interseries correlation, therefore 
this population can be used for environmental comparisons and, potentially, paleoclimate 
reconstructions. Spectral analyses revealed dominant periodicities at 4-6 and 14-20 years, which 
correspond to similar periodicities for the NAO and AO (Gámiz-Fortis et al., 2001; Jevrejeva et 
al., 2003; Olsen et al., 2012). There was a significant negative relationship between the shell 
growth chronology and a short salinity record from the nearby Nantucket Lightship, possibly due 
to an existing dipole relationship between the salinity and nutrient conditions on Nantucket 
Shoals and study site on Georges Bank. The growth series also had significant inverse 
relationships with the NAO and AO index. The mechanism for this inverse relationship may be 
related to previous findings which suggest that the NAO and AO affect the relative proportion of 
slope waters entering into the GoM (Drinkwater et al., 1998; Hameed and Piontkovski, 2004; 
Mountain 2012). These studies suggest that when low NAO/AO conditions prevail the export of 
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fresh, low nutrient waters from the Arctic, by way of the Labrador Current, into the western 
North Atlantic is intensified (MERCINA 2001; Moore et al., 2017). This would likely lead to 
less influence of high-nutrient WSW in the GoM and a reduction in shell growth. However, 
results from this study suggest an opposite trend with low NAO/AO conditions leading to greater 
shell growth. Further investigation is required to elucidate a potential mechanism to explain these 
observations. There was a significant inverse relationship between shell growth and Florida 
Current strength. This could be due to a southward shift of the Gulf Stream north wall leading to 
decrease in WSW entering into the GoM leading to decreased shell growth. These results suggest 
that shell growth at the study site broadly reflects hydrographic conditions in the Gulf of Maine 
and North Atlantic. Unfortunately, we cannot fully resolve the dynamics at this site due to the 
lack of reliable, long-term nutrient, temperature and food quality records. Additional 
investigation is required to further elucidate the mechanisms which are responsible for these 
findings. Future work will focus on the development of chronologies at other sites within the 
GoM to better resolve what is affecting the hydrographic variability of the region. Stable oxygen 
and carbon isotope chronologies will also be developed for the growth series to further 
investigate past temperature, water mass, and productivity variability on Georges Bank. 
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CHAPTER	4:	GENERAL	CONCLUSIONS	
		 	
In the field of paleoclimatology, proxies are used to reconstruct past climatic conditions. 
Sclerochronology, the use of accretionary hard tissues as a proxy to reconstruct environmental 
variability, is particularly useful in the marine realm. Arctica islandica, is a commonly used 
organism for sclerochronological research in the North Atlantic. The second chapter of this thesis 
assesses the relationship between uncertainty of oxygen/carbon stable isotope measurements 
from A. islandica shells and sample replication in an effort to determine an ‘ideal’ sampling 
strategy for the proxy. It has been common practice to use only one or two shells per year when 
using A. islandica for stable isotope paleoclimate reconstructions (Schöne et al, 2004; 
Wanamaker et al., 2008; Weidman et al., 1994). Work from this thesis provides the first robust 
investigation into how replication of samples affects error in stable isotope values for these 
reconstructions.  
Results from this study support previous findings that A. islandica biomineralize their 
shells in oxygen isotope equilibrium with the seawater, providing further evidence that δ18O 
chronologies can be used to infer past climatic conditions (Weidman et al., 1994; Wanamaker 
and Gillikin, 2018). The ‘ideal’ sampling strategy, established in second chapter, is to include a 
minimum of two shells for δ18O, three shells for δ13C, and a maximum of four shells for both. 
The use of a standardized ‘ideal’ sampling strategy, determined from this study, will help to 
eliminate subjectivity in the sampling methods of stable isotopes and potentially strengthen the 
robustness of future studies.  
The third chapter of this thesis assesses whether the A. islandica population from the 
study site on Georges Bank exhibits synchronous growth and evaluates what factors may be 
affecting temporal variability in shell growth on Georges Bank; very little is currently known of 
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the past spatiotemporal variability of climatic conditions on the bank. This is a crucial first step 
to realize the larger goal of filling in the spatiotemporal gaps in our understanding of climate 
dynamics in the North Atlantic and Gulf of Maine (GoM) during the most recent century.   
Due to the absence of reliable, long-term instrumental records on Georges Bank, high-
resolution marine records, like A. islandica, must be used to investigate past variability (Jones et 
al., 2009; Schöne et al., 2013). Shell growth variability was investigated by developing and 
analyzing a 104-year annual shell growth record from Georges Bank. Comparisons between shell 
growth variability, environmental conditions, and climate indices were performed in an effort to 
determine what influences shell growth variability in the A. islandica population from Georges 
Bank.  
The high expressed population signal of the shell growth series from Georges Bank 
suggests that the population exhibits synchronous growth, therefore this population can be 
utilized for environmental comparisons. Comparisons with environmental conditions suggest that 
shell growth from Georges Bank may reflect the greater hydrographic conditions in the GoM and 
North Atlantic Ocean. This is exhibited by a significant coherence bottom salinity from the 
Nantucket Lightship record. Comparisons with climate indices revealed significant inverse 
relationships with the North Atlantic Oscillation, Arctic Oscillation, and Florida Current; 
suggesting large-scale North Atlantic conditions influence shell growth on Georges Bank. The 
observed relationships are likely a result of variability in proportion of slope water masses 
entering into the Gulf of Maine, as well as the strength and positioning of the Gulf Stream, 
affecting hydrographic properties and shell growth on Georges Bank. The acquisition of reliable 
records of environmental conditions (temperature, nutrient conditions, productivity) for Georges 
Bank would greatly strengthen future assessments of shell growth variability from this site. 
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Future work will focus on supplementing the shell growth chronology discussed in third chapter 
by developing stable isotope chronologies (δ18O, δ13C) using the ‘ideal’ sampling strategy 
outlined in the second chapter. The development of stable isotope chronologies (δ18O, δ13C) for 
the site will further our investigation into the long-term spatiotemporal variability of 
environmental conditions (temperature, productivity, ocean circulation, seawater density, carbon 
cycling) on Georges Bank. While this shell growth chronology is a valuable addition, further 
work and chronology development at other locations is required to better resolve the 
spatiotemporal climate variability of the greater GoM and North Atlantic. 
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APPENDIX	A.	CHAPTER	2	SUPPLEMENTAL	INFORMATION	
	Figure	A1.	Matlab	code	used	for	Monte	Carlo	analysis.	
  
99 
Table	A1.	Table	of	archived	data	from	the	37	shells	used	for	the	sample	size	analysis.	All	parameters	were	recorded	after	the	complete	growth	period.		 	
	
TC10 R 46.86 40.12 40.92 6.8
TC11 R 40.86 33.62 35.38 3.7
TC12 R 46.11 37.95 40.97 6.8
TC13 R 40.59 35.98 36.37 3.3
TC14 R 47.03 37.50 39.60 5.8
TC15 R 47.68 40.85 43.29 5.6
TC16 R 47.17 39.30 40.88 6.8
TC17 R 44.66 38.93 40.58 5.0
TC18 R 47.89 38.15 41.10 4.8
TC19 R 52.37 44.09 47.01 7.7
TC20 R 47.06 38.40 40.65 4.8
TC21 R 46.34 38.19 39.67 5.2
TC22 R 44.92 37.65 40.15 5.1
TC23 R 50.88 41.36 44.07 7.3
TC24 L 50.03 39.67 42.95 6.1
TC25 L 45.80 39.38 40.98 6.9
TC26 L 34.99 28.20 29.70 2.0
TC27 L 43.99 35.15 37.88 4.0
TC28 L 37.83 30.26 33.26 2.9
TC29 L 48.30 38.30 41.77 6.2
TC30 L 44.07 36.15 39.10 4.7
TC31 L 34.48 27.89 30.04 2.6
TC32 L 40.83 31.79 35.51 3.0
TC33 L 43.39 34.79 38.98 4.7
TC34 L 44.93 38.28 40.62 6.1
TC35 L 45.77 38.19 42.18 6.0
TC36 L 44.41 35.13 37.60 4.5
TC37 L 43.01 32.60 37.26 4.0
TC38 L 42.89 33.60 37.51 4.5
TC39 R 45.23 38.06 40.93 5.8
TC40 L 49.85 41.49 44.00 6.8
TC41 L 49.29 37.38 42.55 5.7
TC42 L 45.24 37.59 39.13 4.3
TC43 L 43.78 35.35 37.99 3.7
TC44 L 36.45 44.08 37.72 5.0
TC45 L 42.51 33.44 37.68 3.9
TC46 L 42.94 33.09 37.61 3.9
Max	Height	
(mm)
Mass	of	a	
single	valve	(g)Sample	ID Valve Length	(mm) Height	(mm)
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Table	A2.	Measured	temperature	(°C)	and	salinity	(ppt)	for	the	entire	experimental	period	(March	27	to	July	31,	2011).	The	average	and	standard	deviation	for	the	15°C	period	are	also	shown	for	temperature	and	salinity.	
Date	 Temperature	(°C)	 Salinity	(ppt)	
3/21/11 3.68 30.96 
3/22/11 3.56 30.96 
3/23/11 3.52 30.95 
3/24/11 3.54 30.93 
3/25/11 3.67 30.94 
3/26/11 3.50 N/A 
3/27/11 10.24 N/A 
3/28/11 10.22 31.01 
3/29/11 10.18 31.08 
3/30/11 10.17 31.11 
3/31/11 10.18 31.08 
4/1/11 10.10 31.14 
4/2/11 10.17 31.14 
4/3/11 10.13 31.08 
4/4/11 10.16 30.92 
4/5/11 10.14 30.89 
4/6/11 10.14 30.56 
4/7/11 10.15 30.54 
4/8/11 10.16 30.49 
4/9/11 10.14 30.44 
4/10/11 10.15 30.42 
4/11/11 10.17 30.39 
4/12/11 10.15 30.41 
4/13/11 10.13 30.43 
4/14/11 10.24 30.34 
4/15/11 10.22 30.32 
4/16/11 10.18 30.26 
4/17/11 10.17 30.19 
4/18/11 10.18 30.13 
4/19/11 10.10 30.10 
4/20/11 10.17 30.07 
4/21/11 10.13 30.03 
4/22/11 10.16 29.99 
4/23/11 10.14 29.98 
4/24/11 10.14 30.01 
4/25/11 10.15 30.06 
4/26/11 10.16 30.13 
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Table	A2	continued.	
Date	 Temperature	(°C)	 Salinity	(ppt)	
4/27/11 10.16 30.19 
4/28/11 10.40 30.24 
4/29/11 10.59 30.27 
4/30/11 10.63 30.26 
5/1/11 10.70 30.22 
5/2/11 10.64 30.19 
5/3/11 10.65 30.16 
5/4/11 10.38 30.14 
5/5/11 10.33 30.13 
5/6/11 10.45 30.15 
5/7/11 10.58 30.17 
5/8/11 10.56 30.18 
5/9/11 10.46 30.19 
5/10/11 10.34 30.22 
5/11/11 10.34 30.24 
5/12/11 10.19 30.29 
5/13/11 10.18 30.32 
5/14/11 15.04 30.34 
5/15/11 14.90 30.36 
5/16/11 14.90 30.35 
5/17/11 14.90 30.33 
5/18/11 14.96 30.31 
5/19/11 14.95 30.29 
5/20/11 14.95 30.26 
5/21/11 14.92 30.26 
5/22/11 14.96 30.27 
5/23/11 15.02 30.30 
5/24/11 15.03 30.35 
5/25/11 14.94 30.41 
5/26/11 14.98 30.47 
5/27/11 15.04 30.52 
5/28/11 14.97 30.57 
5/29/11 14.96 30.61 
5/30/11 15.03 30.62 
5/31/11 15.04 30.62 
6/1/11 14.97 30.64 
6/2/11 14.98 30.66 
6/3/11 14.95 30.69 
6/4/11 15.03 30.72 
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Table	A2	continued.	
Date	 Temperature	(°C)	 Salinity	(ppt)	
6/5/11 14.94 30.74 
6/6/11 14.99 30.74 
6/7/11 14.98 30.75 
6/8/11 14.99 30.77 
6/9/11 15.08 30.81 
6/10/11 15.07 30.85 
6/11/11 16.17 30.91 
6/12/11 16.75 30.96 
6/13/11 15.00 31.00 
6/14/11 14.94 31.00 
6/15/11 14.94 31.00 
6/16/11 15.04 31.00 
6/17/11 15.11 31.01 
6/18/11 15.05 31.01 
6/19/11 15.04 31.02 
6/20/11 15.05 31.04 
6/21/11 15.09 31.07 
6/22/11 15.24 31.10 
6/23/11 15.14 31.14 
6/24/11 15.01 31.19 
6/25/11 14.97 31.24 
6/26/11 15.01 31.28 
6/27/11 15.02 31.30 
6/28/11 15.07 31.32 
6/29/11 14.95 31.33 
6/30/11 14.64 31.34 
7/1/11 14.76 31.36 
7/2/11 14.93 31.37 
7/3/11 14.90 31.38 
7/4/11 14.87 31.39 
7/5/11 14.77 31.38 
7/6/11 14.77 31.39 
7/7/11 14.72 31.41 
7/8/11 14.76 31.43 
7/9/11 14.71 31.44 
7/10/11 14.75 31.53 
7/11/11 14.87 31.58 
7/12/11 14.91 31.63 
7/13/11 14.96 31.65 
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Table	A2	continued.	
Date	 Temperature	(°C)	 Salinity	(ppt)	
7/14/11 14.92 31.68 
7/15/11 14.92 31.68 
7/16/11 14.93 31.72 
7/17/11 14.97 31.78 
7/18/11 14.95 31.69 
7/19/11 14.99 31.67 
7/20/11 15.01 31.62 
7/21/11 14.94 31.63 
Mean	(15°C)	 15.00	 31.00	
Std.	Dev.	(15°C)	 0.66	 0.93	
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Table A3. Samples masses for both samples of all 37 shells prepared for isotopic analysis. 
 
Shell	Identifier Mass	Sample	1	(µg)
Mass	Sample	2	
(µg)
TC10 0.243 0.262
TC11 0.242 0.256
TC12 0.246 0.242
TC13 0.259 0.259
TC14 0.246 0.254
TC15 0.244 0.272
TC16 0.263 0.249
TC17 0.243 0.248
TC18 0.250 0.250
TC19 0.251 0.256
TC20 0.244 0.247
TC21 0.258 0.246
TC22 0.248 0.244
TC23 0.261 0.265
TC24 0.251 0.249
TC25 0.240 0.257
TC26 0.262 0.303
TC27 0.252 0.266
TC28 0.257 0.260
TC29 0.294 0.249
TC30 0.253 0.243
TC31 0.258 0.259
TC32 0.275 0.251
TC33 0.265 0.251
TC34 0.249 0.250
TC35 0.246 0.250
TC36 0.250 0.262
TC37 0.318 0.246
TC38 0.246 0.250
TC39 0.270 0.262
TC40 0.244 0.288
TC41 0.263 0.284
TC42 0.253 0.249
TC43 0.264 0.333
TC44 0.301 0.258
TC45 0.285 0.258
TC46 0.256 0.256
Total	Ave.
Total	Std.	Dev.
0.259
0.017
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Figure A2. Histogram of raw δ13C data for the 37 shells. 
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Figure A3. Histogram of raw δ18O data from the 37 shells. 
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Figure A4. Histogram of translated (Grossman and Ku, 1986) temperatures from the 37 shells. 
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Figure A5. Boxplot of translated (Grossman and Ku, 1986) temperatures from the 37 shells. 
 
 
 
 
 
 
 
 
  
109 
 
 
A6. Standard error vs. sample size for δ18O from the Monte Carlo analysis. 
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Figure A7. Standard error vs. sample size for δ13C from the Monte Carlo analysis. 
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Figure A8. Standard error vs. sample size for translated temperature from the Monte Carlo 
analysis. 
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Table A4. Table of p-values and standard error values (1s and 2s) vs. sample size for δ18O from 
the Monte Carlo analysis. 
 
Sample	Size P-value Standard	Error Standard	Error	(2σ)
2 0.048 0.081 0.161
3 0.017 0.062 0.122
4 0.001 0.051 0.101
5 0.000 0.044 0.087
6 0 0.039 0.078
7 0 0.035 0.070
8 0 0.032 0.063
9 0 0.029 0.058
10 0 0.027 0.054
11 0 0.025 0.050
12 0 0.023 0.047
13 0 0.022 0.044
14 0 0.021 0.041
15 0 0.019 0.039
16 0 0.018 0.037
17 0 0.017 0.035
18 0 0.016 0.033
19 0 0.015 0.031
20 0 0.015 0.029
21 0 0.014 0.028
22 0 0.013 0.026
23 0 0.012 0.025
24 0 0.012 0.023
25 0 0.011 0.022
26 0 0.010 0.020
27 0 0.010 0.019
28 0 0.009 0.018
29 0 0.008 0.016
30 0 0.008 0.015
31 0 0.007 0.014
32 0 0.006 0.012
33 0 0.005 0.011
34 0 0.005 0.009
35 0 0.004 0.007
36 0 0.003 0.005
37 0 0.000 0.000
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Table A5. Table of p-values and standard error values (1s and 2s) vs. sample size for δ13C from 
the Monte Carlo analysis. 
 
Sample	Size P-value Standard	Error Standard	Error	(2σ)
2 0.064 0.211 0.422
3 0.043 0.169 0.338
4 0.003 0.145 0.289
5 0.001 0.128 0.257
6 0.000 0.117 0.234
7 0 0.107 0.213
8 0 0.099 0.198
9 0 0.092 0.184
10 0 0.086 0.173
11 0 0.081 0.162
12 0 0.076 0.152
13 0 0.072 0.143
14 0 0.068 0.136
15 0 0.064 0.129
16 0 0.061 0.121
17 0 0.057 0.115
18 0 0.054 0.109
19 0 0.052 0.103
20 0 0.049 0.098
21 0 0.046 0.093
22 0 0.044 0.088
23 0 0.041 0.082
24 0 0.039 0.078
25 0 0.037 0.074
26 0 0.034 0.069
27 0 0.032 0.064
28 0 0.030 0.060
29 0 0.028 0.055
30 0 0.025 0.051
31 0 0.023 0.046
32 0 0.021 0.041
33 0 0.018 0.037
34 0 0.016 0.031
35 0 0.013 0.025
36 0 0.009 0.018
37 0 0.000 0.000
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Table A6. Table of p-values and standard error values (1s and 2s) vs. sample size for translated 
temperature from the Monte Carlo analysis. 
 
Sample	Size P-value Standard	Error Standard	Error	(2σ)
2 0.047 0.350 0.699
3 0.015 0.266 0.530
4 0.001 0.220 0.440
5 0.000 0.188 0.379
6 0.000 0.168 0.336
7 0.000 0.150 0.300
8 0.000 0.137 0.274
9 0.000 0.126 0.252
10 0.000 0.116 0.234
11 0.000 0.108 0.217
12 0.000 0.101 0.203
13 0.000 0.095 0.190
14 0.000 0.089 0.177
15 0.000 0.084 0.168
16 0.000 0.080 0.158
17 0.000 0.075 0.151
18 0.000 0.071 0.142
19 0.000 0.067 0.134
20 0.000 0.063 0.127
21 0.000 0.060 0.120
22 0.000 0.057 0.113
23 0.000 0.053 0.107
24 0.000 0.050 0.101
25 0.000 0.047 0.094
26 0.000 0.044 0.089
27 0.000 0.042 0.083
28 0.000 0.039 0.077
29 0.000 0.036 0.071
30 0.000 0.033 0.065
31 0.000 0.030 0.060
32 0.000 0.027 0.054
33 0.000 0.024 0.047
34 0.000 0.020 0.040
35 0.000 0.016 0.032
36 0.000 0.011 0.023
37 0.000 0.000 0.000
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APPENDIX	B.	CHAPTER		3	SUPPLEMENTAL	INFORMATION	
Table B1. Archive information for live-collected shells. 	
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-001 L L 90.98 83.43 86.52 26.02 64.48 
16-001 R R 94.10 81.83 87.86 26.36 66.45 
16-002 L L 89.20 76.88 82.50 22.42 45.79 
16-002 R R 91.30 75.01 82.07 21.97 46.15 
16-003 L L 98.50 91.72 94.26 25.52 72.86 
16-003 R R 99.05 89.18 95.80 26.87 74.89 
16-005 L L 83.53 72.76 77.99 23.21 47.50 
16-005 R R n/a n/a n/a n/a 48.50 
16-006 L L 98.13 88.22 93.84 26.14 69.70 
16-006 R R 99.18 86.66 93.16 26.51 80.35 
16-007 L L 93.97 84.79 89.84 25.34 71.26 
16-007 R R 95.11 84.30 89.67 26.13 71.00 
16-008 L L 102.03 86.65 94.49 27.18 89.47 
16-008 R R 99.47 86.13 93.31 27.12 90.50 
16-009 L L 96.49 87.55 93.50 28.82 85.20 
16-009 R R 99.00 88.49 93.55 29.11 87.91 
16-010 L L 95.93 81.58 85.58 23.93 65.55 
16-010 R R 95.00 80.96 86.47 24.73 65.88 
16-012 L L 88.21 73.74 81.32 23.40 47.62 
16-012 R R 86.22 72.29 80.31 22.81 48.24 
16-013 L L 71.98 61.09 65.66 19.60 23.07 
16-013 R R 71.12 57.78 59.91 19.64 23.34 
16-014 L L 83.89 78.02 82.56 23.45 47.98 
16-014 R R 84.60 76.02 81.82 23.17 52.62 
16-015 R R 89.74 76.04 82.55 24.60 59.91 
16-016 R R 88.78 79.41 83.31 24.68 58.30 
16-018 L L 92.70 85.82 89.77 26.81 72.00 
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Table B1 continued. 
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-019 L L 91.58 81.38 85.08 25.86 63.31 
16-019 R R n/a n/a n/a n/a n/a 
16-020 L L 83.70 72.86 79.55 24.89 47.00 
16-020 R R n/a n/a n/a n/a n/a 
16-021 L L 94.75 87.62 90.14 27.23 77.43 
16-021 R R 91.93 66.21 86.69 27.29 63.27 
16-022 L L 85.78 77.40 82.16 24.83 50.27 
16-022 R R 81.79 74.00 78.09 24.89 50.99 
16-023 L L 99.63 90.93 95.80 27.23 86.14 
16-023 R R 100.03 93.47 96.64 26.61 86.80 
16-024 L L 107.07 97.27 104.89 32.11 113.26 
16-024 R R 112.95 102.64 108.34 30.94 112.50 
16-025 L L 85.69 76.66 81.33 22.96 44.90 
16-025 R R 84.81 74.34 82.70 21.78 44.20 
16-026 L L 92.02 84.37 90.50 25.68 63.33 
16-026 R R 92.45 83.81 90.86 25.58 63.86 
16-027 L R n/a n/a n/a n/a 65.50 
16-027 R R 95.16 82.49 90.94 26.04 65.00 
16-028 L L 85.26 72.93 76.95 22.70 42.83 
16-028 R R 81.68 69.41 70.86 23.49 43.07 
16-029 L L 85.34 80.38 82.16 23.07 53.96 
16-029 R R 88.26 73.85 81.36 23.72 55.19 
16-030 L L 93.20 80.39 86.87 24.21 62.67 
16-030 R R 92.54 75.85 86.54 25.17 66.18 
16-031 L L 91.30 81.77 85.43 26.53 70.59 
16-031 R R 93.36 82.01 86.48 27.77 71.65 
16-032 L L 89.68 81.13 86.22 23.87 56.94 
16-032 R R 90.75 81.01 86.03 24.62 57.30 
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Table B1 continued. 
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-033 L L 83.29 79.94 81.54 23.84 50.76 
16-033 R R 84.58 78.20 81.03 22.22 50.69 
16-034 L L 89.54 80.64 84.43 23.17 58.72 
16-034 R R 87.15 80.19 84.23 24.16 59.00 
16-035 L L 82.00 77.45 80.54 23.50 42.83 
16-035 R R 81.21 71.14 78.67 22.49 41.44 
16-036 L L 90.71 79.10 83.06 24.66 61.71 
16-036 R R 104.21 86.96 94.72 27.91 88.10 
16-037 L L 88.61 79.30 84.78 26.77 60.55 
16-037 R R 89.67 75.45 84.89 26.53 61.25 
16-038 R R 94.01 84.95 92.51 27.89 68.00 
16-040 L L 90.09 77.68 83.89 24.73 60.93 
16-040 R R 89.62 79.66 83.31 25.44 62.13 
16-041 L L 91.39 83.63 87.98 24.83 62.04 
16-041 R R n/a n/a n/a n/a n/a 
16-042 L L 99.75 86.55 93.89 26.79 81.88 
16-042 R R 99.13 90.35 94.70 27.17 87.43 
16-044 L L 91.65 76.79 86.48 25.04 63.50 
16-044 R R 90.78 74.32 84.29 24.21 64.00 
16-045 R R 103.83 91.58 100.26 27.09 96.45 
16-046 L L 88.75 82.14 85.15 23.61 50.99 
16-046 R R 88.32 82.14 85.11 22.96 51.19 
16-049 L L 96.46 83.12 90.46 26.22 65.76 
16-049 R R 95.87 80.43 84.27 26.59 67.94 
16-051 R R 86.79 73.95 79.24 22.77 44.76 
16-052 L L 98.33 87.06 93.14 27.70 73.98 
16-052 R R 99.30 82.83 92.06 25.98 75.81 
16-053 R R 101.52 90.64 95.75 29.05 86.55 
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Table B1 continued. 
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-054 R R 84.61 73.94 79.17 23.86 49.16 
16-055 L L 107.84 97.81 101.66 27.97 102.23 
16-056 R R 86.90 77.54 82.39 24.24 53.20 
16-057 L L 84.91 77.31 82.74 22.41 49.21 
16-059 L L 85.24 82.35 86.97 25.73 48.14 
16-060 R R 87.15 79.63 82.64 23.87 57.60 
16-061 L L 64.46 57.81 61.16 17.30 19.93 
16-062 R R 88.67 77.74 83.05 27.88 71.43 
16-063 R R 93.40 80.28 89.01 24.74 57.72 
16-066 L L 87.93 78.58 88.32 23.70 56.50 
16-066 R R 87.73 78.92 89.02 23.82 56.50 
16-067 L L 99.14 82.36 97.89 24.87 81.00 
16-067 R R 96.20 83.45 97.15 21.36 81.00 
16-068 L L n/a 90.27 93.15 28.86 85.50 
16-068 R R 99.98 89.73 95.92 29.89 96.50 
16-069 L L n/a n/a n/a n/a n/a 
16-069 R R 82.07 72.18 76.74 23.95 52.50 
16-070 L L 94.45 85.42 90.54 24.38 72.63 
16-070 R R 96.71 87.02 90.04 24.31 73.77 
16-071 L L n/a n/a n/a n/a n/a 
16-071 R R 85.57 76.19 78.14 25.08 51.00 
16-072 L L n/a n/a n/a n/a n/a 
16-072 R R 105.65 92.51 95.38 28.81 89.00 
16-073 L L 81.43 76.43 80.76 24.73 52.97 
16-074 L L 89.54 76.12 83.00 22.98 53.50 
16-074 R R 90.02 78.92 83.02 23.31 53.50 
16-075 L L n/a n/a n/a n/a n/a 
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Table B1 continued. 
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-075 R R 95.77 84.38 90.68 24.81 58.50 
16-076 L L 89.72 81.26 83.61 25.02 58.92 
16-076 R R 89.71 79.37 83.08 25.31 58.75 
16-077 L L 87.99 76.87 84.66 23.92 59.50 
16-077 R R 88.40 80.95 85.28 22.83 60.00 
16-078 L L 97.04 80.55 91.99 25.98 84.87 
16-078 R R 94.92 87.39 91.22 25.34 85.31 
16-079 L L 96.38 81.51 89.32 29.99 82.22 
16-079 R R 95.71 84.45 89.20 28.19 83.08 
16-080 R R 97.86 87.65 91.52 27.60 70.53 
16-081 R R 91.78 83.61 87.40 25.14 53.76 
16-083 L L 105.11 91.99 98.78 29.32 89.00 
16-083 R R 104.27 89.11 100.26 29.69 89.50 
16-084 L L 101.93 93.45 98.42 29.32 109.95 
16-084 R R 100.73 88.99 98.21 28.89 110.50 
16-085 L L 99.44 90.66 97.86 26.40 89.00 
16-085 R R 101.79 94.94 98.20 27.54 91.50 
16-086 L L 82.88 75.61 80.29 22.37 36.00 
16-086 R R 83.75 74.81 80.07 21.77 35.50 
16-087 L L 107.41 94.33 101.39 26.27 92.50 
16-087 R R 106.55 93.11 101.89 27.12 95.00 
16-088 L L 88.10 82.97 87.62 24.22 60.10 
16-088 R R 90.69 81.27 88.41 24.66 59.44 
16-089 L L 94.46 90.89 92.23 27.30 73.31 
16-089 R R 94.11 86.83 91.60 26.75 74.55 
16-090 L L 101.25 83.18 91.95 28.34 78.50 
16-091 R R 102.44 89.42 97.70 36.35 63.29 
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Table B1 continued. 
Arctica	
reference	#	
Valve	(left	or	
right)	
Length	
(mm)	
Height	
(mm)	
Max	Height	
(mm)	
Width	
(mm)	
Mass	of	a	
single	valve	
(g)	
16-092 L L 93.52 86.99 90.35 27.59 70.67 
16-093 L L 86.26 73.45 79.56 24.99 55.50 
16-093 R R 86.56 75.02 79.95 23.67 54.50 
16-094 L L 89.33 80.40 86.01 23.99 50.58 
16-094 R R 91.02 76.99 85.65 24.27 51.12 
16-095 L L 93.74 82.46 90.05 30.06 70.50 
16-095 R R 95.32 82.95 89.27 28.49 68.50 
16-096 L L 87.29 76.48 81.74 23.97 44.00 
16-096 R R 88.48 74.11 81.91 23.51 45.50 
16-097 L L 84.61 76.02 79.86 24.52 47.50 
16-097 R R 83.77 74.73 79.66 22.65 46.00 
16-098 L L 83.40 73.81 78.62 24.84 47.41 
16-098 R R 85.19 73.93 78.96 24.66 47.50 
16-099 L L 75.70 74.49 76.62 22.77 38.83 
16-099 R R 78.57 70.56 75.14 23.36 43.41 
16-100 L L 80.54 69.15 76.60 21.66 45.08 
16-100 R R 80.86 72.96 76.54 21.79 46.45 
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Table B2. Archive information for dead collected shells. 
Arctica	
reference	#	
Dead	
(Articulated/	
Right/Left)	
Valve	(left/	
right)	
Length	
(mm)	
Height	
(mm)	
Max	
Height	
(mm)	
Width	
	(mm)	
Mass	of	a	
single	valve	(g)	
DC16-001 Left L 106.9 92.6 107.1 32.9 133.4 
DC16-002 Right R 101.0 90.7 94.9 27.6 79.6 
DC16-003 Right R 98.5 92.1 95.6 28.3 82.3 
DC16-004 Left L 102.7 94.2 102.5 31.9 147.3 
DC16-005 Right R 89.1 76.4 82.6 23.3 38.0 
DC16-006 Left L 94.2 86.8 90.2 26.1 54.8 
DC16-007 Right R 96.6 91.0 93.4 25.7 68.1 
DC16-008 Right R 95.8 88.8 91.6 28.0 66.8 
DC16-009 Right R 103.9 94.8 98.9 31.5 106.2 
DC16-010 Right R 113.5 95.7 106.0 31.0 100.2 
DC16-011 Left L 88.0 84.2 88.4 24.7 64.1 
DC16-012 Right R 98.1 82.9 88.3 27.4 71.4 
DC16-013 Right R 104.9 94.1 102.9 30.9 111.1 
DC16-014 Right R 97.7 89.5 94.2 26.9 82.5 
DC16-015 Right R 100.7 85.5 92.2 28.7 97.7 
DC16-016 Right R 97.7 93.1 94.2 25.9 96.7 
DC16-017 Right R 93.3 87.6 92.1 24.7 72.0 
DC16-018 Right R 109.4 95.3 102.8 26.6 78.5 
DC16-019 Right R 93.3 80.9 86.3 24.5 62.1 
DC16-020 Left L 113.5 102.0 112.0 33.8 165.8 
DC16-021 Left L 96.0 87.4 89.9 25.2 65.9 
DC16-022 Right R 100.3 103.8 107.7 32.5 147.6 
DC16-023 Left L 112.9 107.1 108.2 28.2 118.6 
DC16-024 Left L 90.1 85.2 90.3 24.1 55.9 
DC16-025 Right R 84.3 81.5 87.2 27.6 92.9 
DC16-026 Right R 89.7 84.0 87.4 25.0 63.5 
DC16-027 Left L 111.6 93.6 109.3 30.2 117.1 
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Table B2 continued. 
Arctica	
reference	#	
Dead	
(Articulated/	
Right/Left)	
Valve	(left/	
right)	
Length	
(mm)	
Height	
(mm)	
Max	
Height	
(mm)	
Width	
	(mm)	
Mass	of	a	
single	valve	(g)	
DC16-028 Right R 101.3 92.3 101.5 28.5 78.9 
DC16-029 Right R 89.9 72.8 85.2 25.8 49.8 
DC16-030 Right R 114.6 98.3 106.0 31.4 110.9 
DC16-031 Left L 103.6 95.1 100.2 29.4 103.7 
DC16-032 Right R 108.9 101.2 102.9 31.4 160.2 
DC16-033 Left L 93.1 83.6 90.6 27.6 68.1 
DC16-034 Left L 110.0 103.2 108.6 30.7 141.3 
DC16-035 Left L 95.6 89.9 93.4 27.7 102.6 
DC16-036 Right R 101.1 85.2 94.1 27.1 74.0 
DC16-037 Right R 102.4 87.1 97.0 30.2 93.4 
DC16-038 Right R 101.9 87.3 98.8 28.7 85.1 
DC16-039 Left L 93.6 81.3 86.3 24.8 48.8 
DC16-040 Right R 107.5 94.4 104.5 32.4 123.0 
DC16-041 Left L 95.4 88.3 92.4 28.4 74.6 
DC16-042 Left L 94.7 91.6 95.1 29.2 82.5 
DC16-043 Right R 82.0 72.8 78.6 25.3 39.1 
DC16-044 Left L 101.6 93.7 98.4 29.8 92.8 
DC16-045 Right R 107.1 94.1 97.2 30.8 101.1 
DC16-046 Left L 104.6 89.5 98.9 27.1 72.8 
DC16-047 Right R 106.6 94.8 100.4 28.9 101.6 
DC16-048 Left L 93.0 80.5 87.5 26.0 60.1 
DC16-049 Right R 101.3 91.7 98.2 27.4 79.1 
DC16-050 Right R 110.1 100.6 106.0 34.1 162.7 
DC16-051 Left L 95.3 80.3 90.9 26.3 75.2 
DC16-052 Left L 91.0 83.8 88.0 28.5 78.6 
DC16-053 Right R 93.6 83.4 88.5 28.1 90.1 
DC16-054 Left L 102.4 89.1 95.8 29.6 96.9 
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Table B2 continued. 
Arctica	
reference	# 
Dead	
(Articulated/	
Right/Left) 
Valve	(left/	
right) 
Length	
(mm) 
Height	
(mm) 
Max	
Height	
(mm) 
Width	
	(mm) 
Mass	of	a	
single	valve	(g) 
DC16-055 Right R 98.3 89.3 94.0 29.7 76.0 
DC16-056 Right R 103.3 94.9 100.9 33.6 131.0 
DC16-057 Left L 85.5 78.7 85.5 26.8 63.6 
DC16-058 Right R 100.3 90.9 97.7 30.9 104.5 
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Table B3. Raw increment widths for the 15 shells included in the Georges Bank growth 
chronology. 
 
 
GB16-032 GB16-033 GB16-023 GB16-006 GB16-029 GB16-095 GB16-036 GB16-028 GB16-034 GB16-022 GB16-012 GB16-046 GB16-025 GB16-097 GB16-013
2015 0.053 0.055 0.038 0.038 0.017 0.038 0.040 0.048 0.025 0.051 0.033 0.033 0.059 0.090 0.328
2014 0.044 0.075 0.033 0.045 0.021 0.052 0.045 0.055 0.044 0.049 0.025 0.037 0.068 0.166 0.457
2013 0.014 0.044 0.007 0.025 0.032 0.019 0.031 0.020 0.014 0.012 0.059 0.104 0.022 0.087 0.208
2012 0.034 0.029 0.012 0.022 0.029 0.035 0.027 0.048 0.012 0.025 0.082 0.067 0.047 0.111 0.242
2011 0.060 0.066 0.054 0.063 0.042 0.071 0.055 0.065 0.074 0.073 0.083 0.087 0.063 0.195 0.605
2010 0.049 0.071 0.052 0.041 0.042 0.038 0.055 0.049 0.018 0.044 0.063 0.063 0.071 0.221 0.487
2009 0.025 0.038 0.015 0.028 0.018 0.014 0.030 0.034 0.023 0.025 0.038 0.049 0.027 0.109 0.470
2008 0.044 0.067 0.033 0.049 0.048 0.036 0.053 0.071 0.045 0.048 0.066 0.085 0.063 0.208 0.743
2007 0.078 0.161 0.107 0.109 0.106 0.086 0.083 0.066 0.091 0.081 0.119 0.135 0.100 0.301 1.051
2006 0.049 0.067 0.036 0.074 0.030 0.059 0.027 0.042 0.055 0.072 0.089 0.034 0.057 0.139 1.093
2005 0.026 0.041 0.014 0.034 0.024 0.023 0.056 0.014 0.026 0.030 0.056 0.071 0.023 0.242 0.584
2004 0.034 0.068 0.024 0.059 0.034 0.023 0.060 0.028 0.045 0.048 0.057 0.056 0.038 0.128 0.646
2003 0.044 0.051 0.030 0.033 0.037 0.053 0.037 0.053 0.029 0.045 0.057 0.074 0.037 0.189 0.597
2002 0.030 0.042 0.029 0.031 0.025 0.027 0.042 0.054 0.038 0.040 0.038 0.031 0.029 0.210
2001 0.021 0.045 0.025 0.031 0.025 0.030 0.040 0.049 0.027 0.040 0.040 0.064 0.021 0.214
2000 0.024 0.062 0.029 0.051 0.039 0.019 0.044 0.072 0.035 0.063 0.048 0.079 0.070 0.277
1999 0.010 0.022 0.033 0.022 0.031 0.012 0.041 0.045 0.033 0.049 0.063 0.051 0.049 0.060
1998 0.034 0.053 0.067 0.045 0.043 0.029 0.040 0.040 0.058 0.067 0.092 0.071 0.051 0.193
1997 0.016 0.045 0.021 0.026 0.028 0.017 0.028 0.015 0.017 0.033 0.126 0.052 0.026 0.277
1996 0.036 0.081 0.040 0.042 0.021 0.037 0.040 0.018 0.023 0.052 0.056 0.041 0.041 0.296
1995 0.042 0.114 0.072 0.078 0.021 0.041 0.064 0.040 0.032 0.102 0.115 0.105 0.111 0.565
1994 0.056 0.093 0.019 0.057 0.046 0.065 0.070 0.023 0.035 0.078 0.132 0.070 0.098 0.785
1993 0.045 0.118 0.039 0.090 0.095 0.057 0.049 0.030 0.077 0.083 0.105 0.099 0.141 0.356
1992 0.013 0.079 0.011 0.030 0.033 0.014 0.025 0.025 0.032 0.049 0.063 0.023 0.048 0.207
1991 0.012 0.045 0.051 0.027 0.052 0.012 0.021 0.011 0.015 0.057 0.053 0.015 0.029 0.377
1990 0.030 0.051 0.028 0.015 0.059 0.026 0.049 0.040 0.034 0.045 0.097 0.104 0.064 0.448
1989 0.032 0.070 0.037 0.040 0.042 0.041 0.031 0.031 0.032 0.063 0.073 0.087 0.070 0.495
1988 0.051 0.036 0.019 0.046 0.041 0.032 0.047 0.056 0.034 0.071 0.069 0.090 0.070 0.294
1987 0.036 0.026 0.029 0.033 0.028 0.034 0.065 0.040 0.045 0.085 0.060 0.087 0.072 0.349
1986 0.016 0.022 0.019 0.029 0.019 0.026 0.025 0.014 0.020 0.025 0.045 0.077 0.037 0.176
1985 0.036 0.031 0.023 0.032 0.032 0.040 0.057 0.011 0.055 0.066 0.090 0.114 0.059 0.190
1984 0.045 0.023 0.016 0.045 0.034 0.053 0.036 0.036 0.038 0.066 0.091 0.082 0.056 0.461
1983 0.031 0.023 0.031 0.037 0.022 0.029 0.030 0.026 0.034 0.055 0.073 0.073 0.045 1.175
1982 0.027 0.027 0.029 0.044 0.021 0.042 0.045 0.027 0.032 0.093 0.098 0.101 0.066 0.841
1981 0.048 0.053 0.027 0.051 0.053 0.065 0.066 0.064 0.055 0.090 0.137 0.106 0.094
1980 0.025 0.034 0.079 0.043 0.038 0.043 0.049 0.039 0.044 0.111 0.106 0.139 0.097
1979 0.038 0.040 0.038 0.058 0.033 0.054 0.070 0.061 0.042 0.087 0.066 0.180 0.120
1978 0.046 0.064 0.041 0.071 0.044 0.082 0.083 0.070 0.083 0.167 0.160 0.208 0.122
1977 0.045 0.059 0.025 0.081 0.044 0.075 0.107 0.108 0.094 0.129 0.174 0.209 0.139
1976 0.029 0.067 0.051 0.062 0.055 0.056 0.082 0.104 0.108 0.186 0.219 0.274 0.156
1975 0.031 0.040 0.033 0.052 0.032 0.051 0.100 0.060 0.083 0.171 0.188 0.162 0.126
1974 0.027 0.070 0.030 0.044 0.038 0.041 0.079 0.067 0.056 0.159 0.150 0.221 0.098
1973 0.060 0.067 0.064 0.083 0.067 0.078 0.106 0.100 0.072 0.183 0.251 0.356 0.179
1972 0.036 0.034 0.029 0.042 0.043 0.031 0.069 0.059 0.048 0.140 0.135 0.170 0.117
1971 0.048 0.048 0.049 0.071 0.056 0.046 0.105 0.082 0.056 0.195 0.187 0.280 0.138
1970 0.038 0.064 0.030 0.052 0.089 0.028 0.067 0.067 0.044 0.133 0.159 0.204 0.070
1969 0.036 0.034 0.040 0.052 0.056 0.037 0.056 0.034 0.031 0.128 0.142 0.159 0.083
1968 0.026 0.023 0.037 0.045 0.034 0.044 0.044 0.012 0.044 0.165 0.107 0.152 0.153
1967 0.041 0.046 0.051 0.059 0.063 0.043 0.097 0.051 0.067 0.283 0.198 0.273 0.201
1966 0.053 0.055 0.057 0.053 0.067 0.055 0.078 0.101 0.067 0.300 0.268 0.312 0.242
1965 0.036 0.045 0.036 0.068 0.063 0.040 0.067 0.069 0.047 0.418 0.236 0.257 0.294
1964 0.041 0.045 0.060 0.062 0.057 0.038 0.067 0.059 0.064 0.367 0.309 0.297 0.240
1963 0.032 0.023 0.049 0.071 0.045 0.025 0.068 0.055 0.056 0.409 0.315 0.501 0.094
1962 0.070 0.029 0.086 0.116 0.102 0.079 0.155 0.086 0.101 0.696 0.658 0.870 0.736
1961 0.026 0.016 0.042 0.062 0.055 0.039 0.101 0.069 0.078 0.619 0.349 0.746 0.453
1960 0.056 0.055 0.093 0.097 0.051 0.029 0.193 0.062 0.119 1.140 0.733 1.492 0.851
1959 0.061 0.052 0.111 0.105 0.089 0.063 0.104 0.132 0.135 0.523 1.009 1.761
1958 0.109 0.052 0.176 0.168 0.123 0.098 0.166 0.152 0.179 0.853 2.153
1957 0.067 0.090 0.051 0.108 0.071 0.102 0.128 0.142 0.100 1.274
1956 0.092 0.033 0.115 0.217 0.148 0.088 0.149 0.146 0.194
1955 0.036 0.020 0.042 0.083 0.118 0.061 0.121 0.144 0.133
1954 0.051 0.055 0.145 0.093 0.111 0.066 0.256 0.126 0.090
1953 0.058 0.113 0.070 0.152 0.081 0.044 0.246 0.110 0.104
1952 0.023 0.097 0.080 0.055 0.074 0.077 0.135 0.173 0.090
1951 0.025 0.052 0.076 0.028 0.055 0.067 0.204 0.134 0.152
1950 0.047 0.057 0.083 0.087 0.048 0.063 0.259 0.220 0.142
1949 0.070 0.071 0.093 0.104 0.075 0.089 0.259 0.233 0.221
1948 0.060 0.063 0.073 0.128 0.077 0.119 0.252 0.328 0.180
1947 0.078 0.046 0.145 0.083 0.098 0.100 0.238 0.285 0.191
1946 0.049 0.029 0.045 0.076 0.030 0.047 0.356 0.405 0.238
Shell	IdentifierYear
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Table B3 continued. 
 
 
 
 
 
 
 
 
 
 
 
 
1946 0.049 0.029 0.045 0.076 0.030 0.047 0.356 0.405 0.238
GB16-032 GB16-033 GB16-023 GB16-006 GB16-029 GB16-095 GB16-036 GB16-028 GB16-034 GB16-022 GB16-012 GB16-046 GB16-025 GB16-097 GB16-013
1945 0.074 0.052 0.087 0.076 0.056 0.089 0.439 0.594 0.353
1944 0.078 0.077 0.149 0.104 0.106 0.208 0.256 0.439 0.632
1943 0.056 0.052 0.097 0.083 0.097 0.122 0.323 0.623 0.406
1942 0.034 0.037 0.080 0.111 0.081 0.120 0.379 0.472 0.534
1941 0.079 0.066 0.112 0.138 0.116 0.223 0.484 0.538 0.680
1940 0.068 0.079 0.100 0.142 0.130 0.220 0.745 1.567 0.672
1939 0.089 0.069 0.173 0.173 0.130 0.264 0.540
1938 0.059 0.093 0.105 0.147 0.101 0.183
1937 0.075 0.104 0.145 0.147 0.146 0.102
1936 0.089 0.107 0.166 0.161 0.149 0.121
1935 0.101 0.080 0.139 0.164 0.101 0.156
1934 0.138 0.104 0.205 0.154 0.149 0.295
1933 0.164 0.176 0.308 0.187 0.170 0.357
1932 0.122 0.152 0.211 0.159 0.115 0.371
1931 0.120 0.119 0.278 0.240 0.081 0.252
1930 0.126 0.171 0.190 0.197 0.167 0.090
1929 0.109 0.056 0.151 0.097 0.204 0.225
1928 0.070 0.061 0.140 0.159 0.191 0.111
1927 0.097 0.085 0.287 0.144 0.343 0.128
1926 0.169 0.151 0.346 0.263 0.352 0.310
1925 0.145 0.181 0.327 0.204 0.474 0.453
1924 0.159 0.162 0.495 0.391 0.280 0.389
1923 0.159 0.190 0.499 0.515 0.356 0.429
1922 0.138 0.269 0.827 0.579 0.450 1.168
1921 0.093 0.235 0.641 0.625 0.638 0.839
1920 0.124 0.218 0.934 0.653
1919 0.190 0.435 1.022 0.608
1918 0.187 0.584 0.287 0.544
1917 0.298 0.727 0.881
1916 0.218 0.779
1915 0.308
1914 0.216
1913 0.435
1912 0.643
Year Shell	Identifier
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Table B4. Standard Growth Index (SGI) by year, for the Georges Bank chronology. 
Year	 Standard	
1912	 1.88	
1913	 1.38	
1914	 0.32	
1915	 1.09	
1916	 0.88	
1917	 1.26	
1918	 0.77	
1919	 1.14	
1920	 0.95	
1921	 1.24	
1922	 1.37	
1923	 1.03	
1924	 0.99	
1925	 1.03	
1926	 1.04	
1927	 0.57	
1928	 0.22	
1929	 0.51	
1930	 0.85	
1931	 1.17	
1932	 1.10	
1933	 1.40	
1934	 1.17	
1935	 0.90	
1936	 1.05	
1937	 1.00	
1938	 0.97	
1939	 1.17	
1940	 1.15	
1941	 1.12	
1942	 0.73	
1943	 0.91	
1944	 1.18	
1945	 1.01	
1946	 0.65	
1947	 0.98	
1948	 1.06	
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Table B4 continued. 
Year	 Standard	
1949	 1.10	
1950	 0.96	
1951	 0.75	
1952	 0.87	
1953	 1.11	
1954	 1.16	
1955	 0.92	
1956	 1.42	
1957	 1.20	
1958	 1.50	
1959	 1.24	
1960	 1.22	
1961	 0.84	
1962	 1.35	
1963	 0.76	
1964	 0.89	
1965	 0.91	
1966	 1.07	
1967	 1.00	
1968	 0.60	
1969	 0.72	
1970	 0.88	
1971	 1.15	
1972	 0.90	
1973	 1.39	
1974	 1.05	
1975	 1.12	
1976	 1.34	
1977	 1.32	
1978	 1.31	
1979	 1.06	
1980	 1.02	
1981	 1.17	
1982	 0.90	
1983	 0.75	
1984	 0.95	
1985	 0.89	
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Table B4 continued. 
Year	 Standard	
1986	 0.47	
1987	 0.96	
1988	 0.99	
1989	 1.02	
1990	 1.02	
1991	 0.65	
1992	 0.70	
1993	 1.35	
1994	 1.27	
1995	 1.31	
1996	 0.91	
1997	 0.68	
1998	 1.07	
1999	 0.86	
2000	 1.07	
2001	 0.85	
2002	 0.87	
2003	 0.99	
2004	 0.98	
2005	 0.80	
2006	 1.17	
2007	 1.62	
2008	 1.19	
2009	 0.70	
2010	 1.15	
2011	 1.31	
2012	 0.82	
2013	 0.66	
2014	 1.19	
2015	 0.99	
 
 
